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ABSTRACT 
oil stabilization i one of the various applications that have benefited from the 
advances in polymeric materials. In this research, three water-borne polymeric 
ernul ions with different chemical and physical properties were tested as stabil izers for 
sandy soi l .  
This tudy is divided into three parts. In the first part, the perfonnance of the 
three emulsions in reducing the hydraulic conductivity and improving the mechanical 
propelties of the sand was investigated. Specin1ens with polymer contents of up to 2 
wt. % were prepared using two preparation methods, mixing and spraying. Both types 
of specimens exhibited a significant improvement in the studied properties. Specimens 
prepared by spraying exhibited better reduction in hydraulic conductivity, but less 
improvement in the mechanical properties compared to the mixed specimens. A 
structure-property relationship investigation carried out by scanning electron 
microscopy revealed three structural changes that are believed to be responsible for the 
property changes. The structural changes were the coating of sand partic les with thin 
polymer film, the polymer ties connecting sand particles, and adhesion between 
neighboring sand particles that are in contact. For three emulsions in hand, attempts to 
incorporate more than 2 wt. % polymer using the mixing method produced non-
homogenous polymer-sand mixtures. 
In the second part of this study, different procedures were attempted to 
incorporate higher polymer fractions. The maximum polymer content that could be 
incorporated by mixing was 5 wt. % for the three emulsions. The minimum value for 
the hydraulic conductivity " as 7 .68x l O-7 mls achieved by incorporating 5 wt. % of 
emulsion-3 to sand, whi le the maximum unconfined compressive strength and modulus 
values were respectively about l O  MPa and 1 243 MPa achieved by incorporating 5 wt. 
% of emulsion-3. 
In the third part of this study, the durabil ity of the sand/polymer systems under 
different conditions was studied. Immersion of the studied specimens in water at two 
different temperatures for different time periods had no significant effect on the studied 
mechanical properties. However, hydraulic conductivity increased as the exposure time 
increased, and it was affected more by the higher temperature. To evaluate the moisture 
susceptibility of the sand/polymer specimens prepared by mixing, unconfined 
compression tests were conducted for wet specimens and the results were compared 
with those of dry specimens. Measurements showed lower strength values for the wet 
specimens; however, compared with the results available in the l iterature of other 
nontraditional stabil izers, including some polymers, the performance of the tested 
specimens under wet conditions could be considered satisfactory. The minimum 
percentage of the strength of the wet specimen compared to that of the dry specimen 
was about 89 % for specimens partially immersed in water for 1 5  minutes, and 1 9  % for 
specimens total ly immersed for 24 hours. To evaluate the performance of sprayed sand 
in the case of exposure to mechanical damage of the polymer film formed at the sand 
surface, the surfaces of the specimens were perforated and their hydraulic conductivities 
were measured and compared to undamaged specimens. The results suggest that the 
hydraulic conductivity was not affected by the perforation of the polymer film formed 
on the top of the sprayed specimen. 
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1. I TRaDUCTION 
1 . 1  Problem State ment 
oil ha various important functions and applications. In addition to its 
technical applications, it is used for other diverse purposes. Soil has many applications 
in engineering practice: it is the foundation that supports structures; it is used as a 
construction material; and it is used as a substratum to retain and convey fluids. In most 
case , the soil existing at a certain location is not ideal for an intended application. The 
alternatives available in such a situation include either choosing another location so as 
to avoid the unsuitable soil type, modifying the design so as to overcome the 
shortcomings associated with the existing soil quality, removing the unsuitable soil and 
replace it with a better-quality soil, or modifying the existing soil to improve its 
properties so that it meets the requirements of the situation in hand. The choice of the 
alternative to be adopted depends on economic, technical, geotechnical and other 
criteria [1, 2, 3]. 
Modification of the existing soil is often the most economical and thus the most 
attractive solution. Soil modification, or soil stabilization, has played a major part in 
civil engineering over the last 50 years, and its use is increasing with the increasing 
demand for land reclamation and exploitation of land sites with soft and unstable soil 
[3]. There is a variety of soil stabilization techniques, which can be classified in many 
ways. One example is their classification as mechanical, chemical, and physical 
stabilization methods [1 ,  2]. Of particular interest in this study are chemical 
stabilization techniques, which include adding chemicals, usually referred to as 
additives or admixtures, to the soil in order to alter its properties. 
The u e of additi es in soil stabilization dates back to 5000 years ago. It is 
believed that lime \; a used for soil stabilization in ancient Mesopotamia, Egypt, 
Greece, and Rome. In modem times, stabilization started to find its way into 
engineering practice by the beginning of the nineteenth century [4, 5 ]. Lime and 
cementitious materials were and continue to be the chemicals most widely used in soil 
tabilization. They are known as traditional stabilizers since their use is widespread and 
backed up by a great amount of research and experience. In some instances, traditional 
chemical stabilizers are not suitable and their use might cause problems. For example, 
sulphate-rich soils are susceptible to considerable heave when treated with calcium­
based chemicals like cement and lime [5, 6]. Other chemicals are used in a limited 
manner, since there is an inadequate understanding of the stabilization mechanisms and 
a lack of standard testing procedures to evaluate their performance. Among these 
nontraditional stabilizers are polymeric products. 
The use of polymeric materials in soil improvement is growing rapidly. Some 
of the major soil stabilization applications benefiting from advances in polymeric 
materials are chemical grouts, geotextiles, and gemembrane liners for ponds, 
waterways, and landfills [7]. A distinction should be made between polymers used in 
soil stabilization as geosynthetics or as additives. Geosynthetics are planar products 
used as an integral part of the soil; they do not alter the properties or the structure of the 
soil material [8]. Additives on the other hand, are materials that generally alter the 
chemical or physical properties of the soil. Polymeric additives alter the soil through 
various mechanisms, such as by reacting chemically with the soil to produce a material 
possessing the desired properties, or simply by non-chemically coating the sand 
particles [9, 10). 
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Like other nontraditional chemical stabilizers, the use of polymers in soil 
tabilization i limited by the lack of standards and insufficient into the use of this 
very important class of materials in ground modification. The reasons behind this are 
many. Possibly the major reasons are lack of information about their composition due 
to the proprietary nature of these commercial products, poor documentation of 
experimental and field performance data, and the discontinuation of production and 
name changes of the commercial products used as stabilizers, which results in a lack 
of long-tern1 experience with such products [6, 1 1]. 
Furthem10re, most of the research into the use of polymers in soil stabilization 
deals with the stabilization of clay soils; only a few studies deal with sand. Sand is the 
predominating soil type in some regions of the world, such as the Arabian Gulf and the 
Sahara. aturally deposited sandy soils exist in many densities or states of 
compactness. Loose sand is prone to excessive settlement and to erosion by wind or 
water; also it has very poor water retaining properties, which results in significant 
water losses. Also, migrating sand causes a significant engineering problem of dune 
formation on facilities [23]. The challenge of designing soil stabilizers that are 
economical, with efficient seepage control properties, mechanical properties, and 
durability, is even greater when dealing with loose sandy soils. These issues justifY the 
need for the present study into the use of polymers for improving sandy soils. 
This research studies a polymeric impregnation system for producing sand­
polymer formation with the desired properties. Three water-borne polymeric emulsions 
with different chemical and physical properties were tested as stabilizers for sandy soil. 
The main benefit of using water-borne polymers is that the dispersing media is water 
thus eliminating the negative environmental impact associated with solvents used in the 
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chemical tabilization of soils. The hypothesis is that once a water-borne polymer 
emulsion is impregnated into the sand and the water is drained off, the resulting 
polymer- and system will exhibit the desired mechanical properties, hydraulic 
conductivity, and durability. 
1 . 2 Research Objectives 
The general objective of this study is to investigate the potential of using 
water-borne emulsion polymers in soil stabilization. The specific objectives are to: 
o Study the performance of three selected water-borne polymers in improving the 
hydraulic conductivity and the mechanical properties of sandy soil. The 
performance of the different candidates will be compared. 
o Investigate the structural changes introduced by the polymer into the sand and 
relate them to the properties of the resulting sand/polymer system. This helps to 
develop a better understanding of the stabilization mechanism of water-borne 
polymers. 
o Determine the optimum amount of polymer to be included in a sandy soil to 
attain the desired properties. 
o Investigate the optimum procedures to incorporate the studied products into the 
sandy soil in the laboratory; this will help in determining suitable procedures 
and equipment to be used in the case of field application. 
o Study the durability of sand modified with the different candidates under 
different conditions. 
o Finally, attempt to investigate the properties of an emulsion polymer that are 
expected to give the desired effect when used as a sand stabilizer. By achieving 
this goal, and in view of the tremendous advances in the manufacturing of 
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polymeric products with specified properties, it will be possible to design a 
polymeric stabilizer that pos esses the desired properties. 
5 
2. LITERATURE REVIEW 
2.1  I ntrod uction 
This literature review presents the main principles of soil stabilization using 
polymers and fa u es on publications and recent studies that discuss this subject. First, 
general background information about the main soil properties which are important in 
soil stabilization is provided, with an emphasis on the properties that are of interest in 
this research. Second, in order to appreciate the importance of soil stabilization, its 
applications in different disciplines are described. Thirdly, classification of soil 
stabilization techniques, using different classification schemes, is presented. Finally, 
the use of polymers in soil stabilization, which is the focal point in this research, is 
discussed, with a description of different types of polymers used and the mechanisms 
through which they alter soil properties. 
2.2  Background 
The term soil stabilization is used in different disciplines. I t  is commonly used 
in geotechnical engineering, agriculture, and enviromnental studies. In general, it refers 
to the process of improving certain soil properties for a given application or purpose. 
For engineering applications, it is defined as the alteration of soil properties to improve 
its perforrnance to meet specific engineering requirements [1, 2]. The tern1S soil 
improvement, ground modification, and some other terms are used with the same 
meaning as soil stabilization. Soil stabilization is always described as an alternative for 
solving soil problems at a certain location after considering whether to accept the site 
material as it is and adapt the design for the conditions at hand, to remove the site 
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material and replace it with a suitable material for the desired use, or to avoid the site 
where the soil properties are unsatisfactory if this is possible [1, 2, 3 ]. 
The principal properties of soil that may need to be modified in engineering 
applications are strength, permeability, durability, and volumetric stability [ 1]. For 
example, increased strength is desired for pavement subgrade and the foundations of 
structures, reduced permeability is desired for the foundations of dams and for water 
retaining and conveying soil structures, increased durability and increased volumetric 
stability are desired for all structures [1, 2]. Strength, durability, and volume changes 
are common themes throughout the published research into soil stabilization [4]. In this 
study, the properties of interest are permeability, strength, and durability; hence they are 
discussed in more detail. 
The first soil property that is of concern in soil stabilization is permeability. 
Soil permeability is defined as the property which allows the seepage of fluids through 
its interconnected void spaces [12]. Permeability is calculated using Darcy's law [2, 12, 
13J which is given by: 
where: 
Q=kiA 
Q: quantity flowing in unit time 
A: area through which flow is taking place 
i: the gradient = t;1 
I1h: difference in total head over a flow path length of tlL 
k: a constant known as the coefficient of permeability. 
(2.1)  
From Darcy's law, the coefficient of permeability may be defined as the flow 
velocity produced by a gradient of unity [13]. When the pem1eating fluid is water, the 
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coefficient of permeability is also known a hydraulic conductivity. The con tant k is 
usually termed the coefficient of permeability by geotechnical engineers, and the 
hydraulic conductivity by other concerned \: ith flow through porous media [14). The 
value of k i used as a measure of the resistance of flow offered by the soil, and is 
affected by several factors. Soils are classified according to the value of k as high, 
medium low, very low, and impern1eable [ 15]. Table 2. 1 shows the classification of 
soils according to the values of k. Typical values of k for different types of soils are 
given in Table 2.2. Some soils are open-textured and therefore very permeable; others, 
particularly the heavy clays, may have permeabilities below 10-14 m/sec [1). 
An equation reflecting the influence of the permeating fluid and the soil 
characteristics on permeability known as Kozeny-Carman equation, since it was 
proposed by Kozeny [16, 17] and improved by Carman [ 18]: 
where: 
(2.2) 
k: the Darcy coefficient of permeability 
ko: factor depending on pore shape and ratio of length of the 
actual flow path to soil bed thickness 
S specific surface area 
y: unit weight of the permeating fluid 
J1: viscosity of the permeating fluid 
e: void ratio 
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Table 2.1: Classification of soils according to their coefficients of penneability [15]. 












10-7 _ 10-9 
Less than 10-
9 
Table 2.2: Typical values of the coefficient of permeability for different types of soils 
(order of ma gnj tude only) [3]. 
Soil Type TypicaJ Val u e  of (k) (mJs) 
Coarse gravel 10-1 
Fine gravel 10-2 
Coarse sand 10-3 
Sandy gravel 10-4 
Fine sand 10-5 
Silty sand 10-7 
Silt 10-8 
Clay Less than 10-9 
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form: 
More recently, Chapuis [19] has expres ed the hydraulic conductivity in the 
[ 3]07825 
k(cmls) = 2.4622 D,20 _e_ (1 + e) (2.3 ) 
where DIO (measured in mm) is the diameter, obtained from the grain-size distribution 
curve through which 10% of the total soil mass is passing, it is known as the effective 
diameter. 
For the same soil, the coefficient of permeability has different values if the 
permeating fluids are different. Equation (2.2) shows that the value of the permeability 
is influenced by both the viscosity and the unit weight of the permeating fluid. These 
two parameters can be eliminated by defining the specific or absolute permeability as 
[2]: 
K = kj.j 
r 
(2.4) 
Combining equations 2.2 and 2.4, it can be seen that the absolute permeability 
(K) is a constant for a specific soil, as K depends only on the soil properties. Since the 
coefficient of pernleability (k) is measured in units of velocity (mls) , the absolute 
permeability K is measured in units of length squared (equation 2.4) .  K is also 
expressed in terms of darcys ( 1  darcy = 9.8692 xlO-13 m2) .  
The second property of soil that is of concern in stabilization is its strength. TI1e 
basic factor responsible for the strength of a soil is frictional resistance between soil 
particles in contact [ 14]. Soil strength and other mechanical properties of soil, can be 
measured using different tests, each designed to study stress-strain behavior during a 
specific type of loading [2]. Common tests used include the triaxial compression test, 
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the direct shear te t, and the unconfined compression te t. The appropriate test of soil 
strength mu t be chosen according to the intended application. For example, for soils 
that soften on water entry, shear strength will usually be appropriate. For drier soils 
repeated loading tests are desirable [1]. 
Since the friction between soil particles is the basic factor responsible for the 
trength of a soil, the relationship to characterize the strength and the stress-strain 
properties of natural soils is based on Mohr-Coulomb theory [ 14]. The theory gives the 
shear strength on the failure plane by 
where: 
r fJ = c' + (J 11 tan ¢' 
r ll :  the shear stress at failure (strength) on the failure plane. 
(5 jJ :  the nonnal stress on the failure plane. 
c' : the cohesion (at effective stress conditions) 
¢' : the friction angle (at effective stress conditions) 
(2.5) 
In this research, the mechanical propelties of sand specimens modified with 
water-borne polymers are assessed using the unconfined compression test. The 
unconfined compression test provides compressive or shear strengths under unconfined 
conditions, like in shallow subgrades, and it is used to provide an indication of the soil 
bearing-capacity. It also provides an approximate measure of moduli or stiffness 
parameters [10, 20, 21]. The expression "approximate measure" is used because the 
modulus of elasticity and Poisson' s ratio are not constants for a soil, but rather are 
quantities which approximately describe the behavior of a soil for a particular set of 
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tresse [2]. In unconfined compression tests, stress is related to cohesion (c) (at total 
stres condition ) by the equation [22]: 
(2.6) 
where: 
q,, : the axial stress from an unconfined compressIOn test 
required to fail a soil specimen. 
The third soil property that is of concern in stabilization is durability. This is the 
resistance to the processes of weathering, erosion, and usage. Poor durability can be a 
problem both for natural and stabilized soils. In natural soils, poor durability mainly 
re ults from poor water resistance of the soil mass. In stabilized soils, poor durability 
can result from many conditions such as inadequate chemical or water resistance 
(weathering), low moisture susceptibility of stabilizer, the use of an unsuitable stabilizer 
(one that might work well in another soil type, but does not work well in a particular 
soil), or insufficient stabilizer. An example of poor chemical durability is the 
susceptibility of cement-stabilized soils to the presence of soil sulphates. The control of 
wind-blown dust and sand might also be considered a problem of durability [1]. 
Finally, the fourth soil property that is of concern in stabilization IS the 
volumetric stability. Volume changes in soil are usually caused by changes in the 
moisture content and freeze-thaw cycles [3 , 10]. In general, sandy soils do not have 
volume-stability problems. This property is of major concern when dealing with clayey 
soils, especially when they are carrying lightly loaded structures, including pavements 
[10]. Moisture changes in an expansive clay soil disrupt road surfaces, tilt poles, crack 
buildings, break underground service pipes, and generally cause great economic loss 
[1] . 
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2.3 Applications of Soil Stabil ization 
oil tabilization has many applications. The major applications can be devided 
into the following categories: strength and stiffness improvement applications, 
permeability control applications, dust control applications, and erosion and sediment 
control applications [23 ]. 
trength improvement means increasing the strength of the existing soil to 
enhance its load-bearing capacity. The main applications for increasing strength are the 
construction of structures and pavements. In the construction of pavements soil 
stabilization is used to improve the strength of subgrade and to create a firm working 
surface for paving equipment and other machinery [2, 6, 24]. Strength improvement 
also includes increasing the shear strength of soils for the purposes of slope stability and 
excavation stability. Increasing the stiffness of a soil mass, and therefore reducing its 
distortion under stress, is one of the major objectives of soil stabilization [3]. 
Pem1eability control might be a reduction or an increase in the drainage 
properties of soil, depending on the intended application. For instance, for water 
retaining structures or waste disposal ponds, it may be necessary to reduce the 
permeability of the underlying soil to reduce seepage losses [1]. Permeability reduction 
is of particular interest in the construction of liners for ponds, waterways, and landfills. 
In the case of ponds and waterways, liners are designed to diminish water loss, and in 
the case of waste containment landfills, the liners are designed to protect the 
environment by preventing the release of leachants into the ground water and the 
surrounding soil [7]. Lambe and Whitman [2] described the use of earth reservoirs for 
the storage of industrial fluids such as fuel oil and refrigerated liquefied gas. For this 
kind of application, the stabilization techniques should be carefully chosen in 
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accordance with the fluid that will be stored. Furthermore, soil waterproofing preserves 
the natural or constructed trength of a soil by preventing the entry of surface water. 
On the other hand, increasing permeability is desirable in places with poor 
drainage characteristics , such as in areas with impenneable clay layers where undesired 
water tables can form. Also, good drainage characteristics are desired in unpaved 
roads, in public areas like parks, and in athletic fields [1, 25]. For agricultural uses, soil 
with good infiltration properties is desirable as runoff and erosion are decreased [26]. 
Dust control is necessary in many environmental, civil, and military 
applications. Environmental considerations include air quality, water quality, 
consideration of aquatic life, and reduction of human respiratory health problems. Civil 
applications include reduction of vehicle and equipment wear and damage due to 
mechanical abrasion, reduction of unpaved road maintenance costs, reduction of 
building and vehicle cleaning costs , reduction of vehicle accidents due to poor visibility 
and road conditions. Moreover, good visibility is essential for aviation; hence dust 
control is very important in and around airfield and landing sites for aircrafts and 
helicopters for civil and military uses. Military applications also include the reduction 
of costs associated with dust interference with weapon targeting systems, land 
clearances for training operations and firing lines [27, 28 , 29]. 
Erosion can be caused by water flow or by wind. Erosion is a serious problem 
that frequently occurs on steep slopes and in water irrigation channels [9]. Water flow 
applies shear s tresses to soil surface, which detaches soil particles and suspends them in 
the flow. Suspended particles might form sediment in other locations and block pores 
and seal infiltration [30]. Erosion and sediment control improves vegetation and 
agricultural crops by preserving the top soil. It also improves water quality due to the 
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reduction of dusting, turbidity and sedimentation and reduces impact on aquatic life 
[ 27,  3 1 ]. 
oil stabi lization includes various other applications of which some examples 
are presented here. In many instances, stabilization aims to reduce the potential shrink 
and swell of soil masses due to moisture changes and/or frost action, i.e. improve 
olumetric stability. Also it is used to reduce the susceptibility to liquefaction, which is 
a phenomenon distinguished by a rapid loss of soil strength, that can occur in loose, 
saturated sand deposits subjected to earthquake motions [3 ,  3 2]. In the construction of 
pavements and foundations soil stabilizers are also used to improve workability during 
compaction [6, 24]. 
2.4 Classification of Soil Stabil ization  Techniques 
There are many classification schemes for soil stabilization techniques. 
Hausmann [3] divided ground improvement techniques into four groups: mechanical 
modification, hydraulic modification, physical and chemical modification, and 
modification by inclusions and confU1ement. According to Lambe and Whitman [2], 
soil improvement techniques can be classified in various ways. One way is to classifY 
them according to the nature of the process involved, thus, we have mechanical 
stabilization, chemical stabilization, and physical stabilization [1]. 
With mechanical stabilization, soil density is increased by the application of 
short term external mechanical forces, including compaction of surface layers by static, 
vibratory, or impact rollers and plate vibrators; and deep compaction by heavy tamping 
at the surface or vibration at depth. In chemical stabilization, additives including 
natural soils, industrial by-products or waste materials, and cementitious and other 
1 6  
chemicals that react with each other and/or the soil are used. Physical stabilization 
includes themlal, electrical, and pressure stabilization [1]. 
When discllssing different stabilization methods and products, it is important to 
know if they are uitable for the soil type. Generally speaking, many soil stabilizers are 
soil-specific and/or environment-sensitive. That is to say, some stabilizers might 
perform well in a specific soil type in a given environment, but perform poorly in 
different soils and/or in a different environment [21, 11]. Table 2.3 shows the 
suitability of some of the common chemical stabilizers in different soil types. 
On the basis of the materials' origin and use in practice, stabilizers are divided 
into three groups: traditional stabilizers, byproduct stabilizers, and nontraditional 
stabilizers. Traditional stabilizers generally rely on calcium exchange and pozzolanic 
reactions to effect stabilization. This is also the primary mechanism for stabilization 
with many of the byproducts. Examples of traditional stabilizers are hydrated lime, 
Portland cement, and fly ash. Examples of byproduct stabilizers are cement kiln dust, 
lime kiln dust, and other forms of byproduct lime. Nontraditional stabilizers are 
identified as such because they rely on a different stabilization mechanism [ 10]. 
Scholen [33]  classified nontraditional stabilizers into five groups: electrolytes, enzymes, 
mineral pitches, clay fillers, and acrylic polymers. Even members of the same group 
might have totally different stabilization mechanisms. 
This research studies the use of polymers, which are nontraditional stabilizers, 
to stabilizing andy soils. Therefore, some recent studies discussing the use of 
nontraditional stabilizers and comparing their performance to traditional and to other 
nontraditional stabilizers will be discussed in the following section. 
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2.5 ootrad itiooal Stabilizers 
This section discus e nontraditional stabilizers and reasons for the lack of 
widespread u e. Some recent studies focusing on different nontraditional stabilizers 
and comparing their performances in different soils are presented. 
As described on the previous section, nontraditional stabilizers are called so 
because, unlike traditional and byproduct stabilizers that rely on calcium exchange and 
pozzolanic reactions, they rely on a variety of stabilization mechanisms. For example, 
sulfonated oils typically rely on hydrogen ion penetration into the clay lattice to reduce 
its water-holding capability. Enzyme stabilizers rely on organic catalysts, which rapidly 
carry a reaction to completion without becoming part of the reaction [ 10]. 
Due to uncertainties with new nontraditional stabilizers traditional stabilizers 
such as lime and Portland cement are the most widely used of the chemical additives 
[6]. In many cases, traditional stabilizers cannot be used in certain soils. For example, 
calcium-based traditional stabilizers like lime, cement, and fly ash are not suitable for 
treating sulfate-rich soils because they might cause excessive heaving. In such cases, 
there are many nontraditional stabilizers that provide excellent alternatives [6, 24, 35]. 
There are many reasons for the limited used of nontraditional stabilizers 
compared to traditional ones. One reason is that nontraditional stabilizers are not 
backed by as much field experience or independent research results as the traditional 
stabilizers [33]. Another reason is that the available data about nontraditional products 
are not wel1 documented or reported. In many cases, the only available information is 
that given by the manufacturer, and it is often subjective and biased [6, 1 1, 35]. 
Therefore, it is essential to establish an acceptable standardized testing protocol to 
evaluate the performance of nontraditional stabilizers. The American Society for 
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Te ting and Materials (ASTM) has developed a standard testing procedure for such 
evaluation (A TM D 4609) [36],  but this protocol has still not achieved widespread 
acceptance, and there are still many authorities and agencies that have their own 
protocols [2 1]. 
A re iew of the literature shows that research into the perfonnance of 
nontraditional stabilizers including polymers, is uncommon, as previously mentioned. 
In the following paragraphs, some of the most distinguished studies that have recently 
been published about different nontraditional stabilizers, including polymers, are 
presented. 
Rauch el at. [24] and Katz el at. [37 ]  conducted a series of experiments, which 
were collected in a comprehensive report [6], to measure the engineering properties and 
mechanisms of three liquid stabilizers on five clay soils. The three liquid stabilizers 
were an ionic stabilizer (electrolyte), an enzyme, and a polymer product. The clay 
materials consisted of three clay minerals (kaolinite, illite, and sodium montmorillonite) 
and two high-plasticity clays. The researchers perfonned various laboratory 
mineralogy tests on sodium montmorillonite clay specimens stabilized with the ionic 
stabilizer at the manufacturer's recommended additive rates. Their results indicated 
that the application rates were too low to effectively change the engineering properties 
of the test clays. 
A follow-up study was conducted by Rauch ef aZ. [6] to measure the 
performance of the same three nontraditional stabilizers at high application rates. They 
arbitralily choose application rates of ten times the suppliers' recommended rates to 
detect any effect of the stabilizers that was not detected at the low application rates, if 
any. The study concluded that the only effective reduction in plasticity occurred with 
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the ionic stabilizer in sodium montmorillonite. They reported no significant effect of 
any stabilizer on the compacted density or optimum moisture content. Also, among the 
three product e aluated, there was no consistent reduction in swell potential. In 
summary, even at the high application rates, the tested stabilizers failed to produce 
significant improvements in the test soils. 
A laboratory experiment was conducted by Santoni et ai. [ 1 1] to evaluate the 
stabilization of a silty-sand soil with nontraditional additives. Twelve nontraditional 
stabilizers were evaluated. The stabilizers were classified as acids, enzymes, 
lignosulfonates, petroleum emulsions, polymers, and tree resins. Additional specimens 
were stabilized with an asphalt emulsion, cement, and lime to provide a comparison 
with traditional stabilizers under the same conditions. Specimens were mixed with 
various stabilization products and compacted, then cured for designated periods. Each 
specimen was subjected to a "wet" and a "dry" unconfined compression test. The 
analysis of the test data consisted of determining the average strength of three replicate 
specimens of each mixture. The average strength of the three replicates was compared 
to each additive's strength, the traditional stabilization results, and a series of control 
specimens that were not stabilized. The effect of stabilizer type, the effect of wet and 
dry test conditions, the effect of additive quantities, and the effect of curing time were 
studied. 
The results of the experiment conducted by Santoni et. al. [ 11] indicated 
increased strength of some nontraditionally stabilized specimens when compared with 
both the control series and the traditional stabilization alternatives. Other nontraditional 
stabilizers did not demonstrate significant increased strength over the control series for 
the conditions of this experiment. Many of the stabilized specimens were highly 
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moi ture usceptible, while a few pecimens demonstrated excellent perfom1ance when 
expo ed to moisture. Specific product categories were recommended for stabilizing 
silty-sand soils. A ery important finding was that the nontraditional stabilizers gain 
strength quicker than traditional stabilizers, and this could minimize construction time 
and delays. antoni et al. [ 1 1 ] found that polymers have good potential to increase the 
strength of silty-sand soils under wet and dry conditions. The unconfined compressive 
strength of stabilized specimens was increased by up to 60 % when compared with the 
control specimen. The polymers, however, maintained good strength potential in both 
dry and wet conditions, indicating good moisture durability. The optimum additive 
quantity for the polymers ranges from 2.5 to 5 % depending upon the specific product. 
A follow-up study was conducted by Tingle and Santoni [2 1] using the same 
procedure and similar stabilizers but in clay soils. Specimens prepared from two types 
of soil, low-plasticity and high-plasticity clays, were also subjected to "wet" and "dry" 
unconfined compression tests. The effect of stabilizer type, the effect of wet and dry 
test conditions, and the effect of additive quantities were studied. The results of the 
follow-up study indicated increased strength of some nontraditionally stabilized 
specimens, while other nontraditional stabilizers did not demonstrate significant 
increased strength, when compared with both the control specimens and the traditional 
stabilizers. The polymers used showed variable "dry" strength improvements with 
one of the polymers giving the greatest strength improvements for the high-plasticity 
clay. All the tested polymers showed good improvements in the "wet" tests for both 
soil types. Optimum polymer additive rates ranged from two to five percent 
depending upon the specific product. 
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From the abo e discussion, it can be seen that polymer stabilizers are 
documented as giving good stabilization outcomes when compared with traditional 
and other nontraditional tabilizers. They provide reasonable improvements in 
strength and good moisture durability. In the next section, the use of polymers in soil 
stabilization is discussed and some common polymer products and techniques are 
presented. 
2.6 Polymers in  SoH Stabil ization 
Soil stabilization is one of many applications that have greatly benefited from 
advances in polymeric materials. Polymers used in ground improvement can be found 
in the form of geosynthetics, dry powder, or liquid additives [9, 38, 39]. 
According to ASTM - D35 ,  a geosynthetic is defined as a planar product 
manufactured from a polymeric material used with soil, rock, earth, or other 
geotechnical-related materials as an integral part of a man-made project, structure, or 
system. Geosynthetics have six primary functions: filtration, drainage, separation, 
reinforcement, fluid barrier, and protection. There are many types of geosynthetics, for 
example geotextiles and geomembranes. A geotextile is a permeable geosynthetic 
comprised solely of textiles. The major functions of geotextiles are separation, 
reinforcement drainage, and filtration. A geomembrane is an impermeable sheet of 
polymeric material. Geomembranes are mainly used as liquid and moisture barriers [8, 
38). 
Dry Powdered Polymer is a newly developed additive that has been increasingly 
used in recent years [39]. It is a dry powdered road stabilization additive (binder) 
consisting of an insoluble polymer thermally bound to a very fine carrier such as fly 
ash. Dry Powdered Polymers are especially suited for treating poorer quality, clayey 
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gravels that 10 e con iderable trength if they get wet in service. They preserve the 
gra ells dry trength in two ways: Fir t, they reduce the amount by which the gravel 
wet up in ervice. This is a hieved by creating a hydrophobic soil matrix between the 
larger tone , which reduces penneability and thus limits water entrance (external 
\ aterproofing). econdly, they reduce the softening effect of any water that does enter 
the gravel. This occurs because the polymer is so strongly attracted to clay particles 
that it displaces \ ater from the clay. Thus the softening and lubricating effect of any 
moisture that does enter the pavement is much reduced (internal waterproofing). The 
polymer-treated gravel remains flexible and is not subject to either shrinkage cracking 
or load-indu ed fatigue cracking. Polymer treatment greatly reduces capillary rise, 
increase soaked Califomia Bearing Ratio (CBR) values, increases wet strength and 
reduces permeability with consequent reduction in pore pressure [34 39, 40]. 
Liquid polymer stabilizers are the broadest class of polymers used III soil 
stabilization with a huge number of products which is increasing everyday. They are 
applied to the soil by grouting, spraying, or mixing. Grouting is the process of injecting 
liquid solutions of cement or organic materials into soil under pressure in order to form 
solid inorganic or organic masses with desirable permanent physical characteristics. 
The solutions that are injected, i. e. the chemical grouts, undergo either polymerization 
of monomers or crosslinking of soluble polymers to form insoluble polymer masses [1, 
9]. Spraying is the easiest, quickest, and most cost effective way of applying 
stabilizers. It can be carried out with sprayers attached to trucks, aircrafts or simply 
using a hand sprayer, depending upon the area to be stabilized and the time available. 
Mixing includes the use of special equipment. At the beginning the stabilizers are 
sprayed, then they are mixed with soil, and finally the soil is compacted [3]. 
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The tabilizer used in this re earch are liquid polymer additives. Therefore, 
orne of the mo t widely u ed polymeric liquid stabil izers will be presented in the 
following di cus ion and the recent literature available in this area will be reviewed. In 
the following sections, first, a general description of the presented material is given, 
second, orne recent studies and developments are described. 
Lignin 
Lignin is  a natural polymer. The lignin molecule is  affinitive to a silica surface 
and thu suitable for forming strong bonds with soil particles [1]. Lignin is primarily a 
cementing agent; therefore, it increases the cohesion between soil particles [4]. The 
major disad antage of lignin is its high solubility in water, because it can easily be 
leached by water from the stabilized surface [1]. 
Palmer el al. [4] conducted expeliments to evaluate the strength and density 
modification of unpa ed roads using lignin sulfonate (lignin) , calcium chloride (CaCh) ,  
and magnesium chloride (MgCh). Additive concentrations ranged from 1 to  3.25 % by 
dry weight. Laboratory results indicated that lignin was the only product of the three 
tested that increased specimen density. Laboratory tests on specimens subjected to 4 
wet-dry cycles indicated reduced unconfined compressive strength with increasing 
additive content. The maximum reported unconfined compressive strength was 7661 
kPa for a 7 -day air-dried silty-sand specimen stabilized with lignin at a concentration of 
2.5 percent by dry weight. Dry unconfined compressive strength results for CaCh and 
MgCh stabilized soils were lower than those for the control specimens. However, the 
field application of lignin performed poorly due to a combination of poor application 
methods and the high solubility of l ignin sulfonate. Palmer et al. reported effective dust 
control of a lignin-modified unpaved road for a period of 28 days with nominal dust 
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abatement for a total period of 69 days. Erosion and leaching of the l ignin during 
exposure to moi ture " ere identified as the primary source of strength degradation. 
The e re ults ugge t good perfonnance with lignin in terms of increased strength, 
while poor performance in terms of moisture susceptibil ity. 
Resins 
Resins act chiefly as waterproofing agents in the soil, although certain synthetic 
resins also add some strength through increased cohesion. A disadvantage of natural 
re ins is their susceptibility to bacterial and other degradation in service, which limits 
their working l ife, however, this problem is common to virtually all stabilizers which 
have any substantial organic component [ 1 ] . 
Ajayi-Majebi et a1. [4 1 ]  conducted an experiment designed to determine the 
effects of stabil izing clay-silt soi ls with a combination of an epoxy resin (bisphenol 
Alepichlorohydrin) and a polyamide hardener. The additive mixture was composed of 
a 1 :  1 ratio of epoxy resin to polyamide hardener. Ajayi-Majebi et a1. concluded that 
admixing up to 4 percent stabi l izer into a clay-silt material  produced large increases in 
the load-bearing capacity of the material in terms of its un soaked California Bearing 
Ratio (CBR). They observed that increases in the temperature of the curing 
environment led to increased strength formation . Cure times for the stabil ization agent 
were reported as low as 3 hours. 
Acrylamides and Acry lates 
Acrylamide is a mix ture of organic monomers that can be polymerized at 
ambient temperatures using a catalyst. It is reported that acrylamide is chemically 
stable and i s  expected to be mechanically stable unless it is subjected to wet/dry or 
freeze/thaw cycles. Acrylamide grouts should not be used in areas where there is any 
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chance they can be diluted exce i ely or get into public or recreational water suppl ies, 
although the hazards are likely to be negligible , hen acrylamide is used appropriately 
[32] .  
Green and Stott [26]  reviewed the use of polyacrylamide for erosion control .  
They de cribed Polyacrylamide ( PAM) as a water-soluble polymer with the abil ity to 
enhance soil stabilization. It is grouped in a class of compounds formed by the 
polymerization of acrylamide. Pure PAM is a homopolymer of identical acrylamide 
units. Polyacrylamide can be fommlated with copolymers to give specific charges; the 
molecular weight can also be manipulated and generally ranges between a few thousand 
g/mol to 20 Mg/mol.  Both molecular weight and charge give PAM its various 
characteristics. The percent of sodium acrylate copolymelized in PAM is expressed as 
the charge density, which generally ranges from 2 to 40% for commerc ially available 
P AMs. Specifically, the charge density is the percent of acrylamide groups that have 
been substituted by sodium acrylate groups, generally termed percent hydrolysis. The 
ionic charge properties of PAM play an integral role in its adsorption to the soil. Green 
and Stott [26] state that polyacrylamide effectiveness depends on charge type and 
density as well as molecular weight. Clayey soils respond well to the charge density of 
P AM while sandy soils respond more to the molecular weight. 
Nawanko [42] reported that the performance of polyacrylamide in controll ing 
erosion is based on the fact that it is a flocculant. It forms ionic bonds of smaller soi l 
particles to make larger particles. This makes the soil more resistant to the erosive 
forces of dispersion and shear. Further, the polyacrylamide enhances the intrusion of 
water into the soil, resulting in increased soil moisture, lower runoff, and less soil 
detachment from erosion. 
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crylates were originally u ed a a less toxic substitute for acrylamides and are 
currently used for seepage control in the sewer industry. Acrylates grouts are simi lar in 
many re pe ts to acrylamides; although the viscosity is sl ightly higher the strength is 
omewhat lower. Acrylates are also far less toxic, which has led to acrylates replacing 
aery lam ides in many applications [32 ] .  
Asp halt em ulsions 
Asphalt is a bituminous material that is used in pavement construction. Liquid 
asphalts may also be used to seal the cracks in pavements patching, base and subbase 
stabil ization, and the surfacing of low-volume roads. Because of the similarity in the 
mechanism of stabilization between the stabil izers used in the current study - latex 
acrylic copolymers - and the asphalt emulsions the latter are discussed here in details 
[ 1 0] .  
Asphalt emulsions are formed by a process i n  which the asphalt cement is 
physically broken down into micron-sized globules that are mixed into water containing 
an emulsifYing agent. Emulsified asphalts typical ly consist of about 60% to 70% 
asphalt residue, 30% to 40% water, and a fraction of a percent of emulsifYing agent. 
There are many types of emulsifying agents; basically they are a soap material .  The 
emulsifYing molecule has two distinct components, the head portion, which has an 
electrostatic charge, and the tail portion, which has a high affinity for asphalt. The 
charge can be either positive to produce a cationic emulsion or negative to produce an 
anionic emulsion. 
When asphalt is introduced into the water with the emulsifying agent, the tail 
portion of the emulsifier attaches itself to the asphalt, leaving the head exposed. The 
electric charge of the emulsifier causes a repulsive force between the asphalt globules, 
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which maintain their eparation in the water. ince the specific gravity of asphalt is 
ery near to that of water, the globules have neutral buoyancy and, therefore, do not 
tend to float or sink. When the emulsion is mixed with aggregates or used on a 
pavement, the water evaporates, allowing the asphalt globs to come together, forming 
the binder. The phenomenon of separation between the asphalt residue and water is 
referred to as breaking or setting. The rate of emulsion setting can be controlled by 
varying the type and amount of the emulsifying agent. Since most soil particles and 
aggregates bear either positive surface charges (such as l imestone) or negative surface 
charges (such as sil iceous aggregates), they tend to be compatible with anionic or 
cationic emulsions, respectively. However, some emulsion manufacturers can produce 
emulsions that bond \ ell to aggregate-specific types, regardless of  the surface charges 
[43 ] . 
Bituminous stabilizers in general are used with non-cohesive granular materials 
- where the bitumen adds cohesive strength and with cohesive materials - where the 
bitumen "waterproofs" the soi l, thus reducing loss of strength with an increase in 
moisture content. Both effects stem partly from the formation of films around the soil 
particles which make them stick together and prevent the absorption of water, and 
partly from simple blocking of the pores, preventing water from entering the soil mass 
[ I ] .  
E mu lsion Polymers 
The monomers used in emulsion polymers are not soluble in  water, but with the 
use of surfactants can be emulsified in water and then polymerized. The monomers and 
polymers are emulsified using a surfactant. The term surfactant is an abbreviation of 
the term surface active agent and refers to any material which i s  capable of reducing the 
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surface energy of a liquid at relatively low concentrations. There are four main types of 
urfactants; anionic, cationic, non- ionic, and z\: itterionic (carrying both a positive and a 
negative charge), ho\: ever only the anionic and non-ionic surfactants are used in 
developing waterborne polymers. The surfactant surrounds the monomers and polymer 
and al lo\: s them to remain in the water. The product of an emulsion polymerization is 
temled la tex [44 J 
Late acrylic copolymers are emuls ions with 40 to 60% solids, which stabil ize 
through a non-chemical coating effect similar to stabilization with asphalt emulsions 
[ 1 0] .  Discussion o f  asphalt stabil ization was presented i n  a previous section. The 
polymers u ed in the current study are water-borne latex acrylic copolymers. The main 
benefit of using water-borne polymers is that the dispersing media is water, thus 
precluding the negative environmental impact associated with solvents used in chemical 
grouting of soils. 
Al-Khanbashi and El-Gamal [7J studied the use of a water-borne styrene acrylic 
polymeric emulsion in the modification of sandy soi l .  Specimens were prepared from 
prescribed amounts of polymer, water, and sand by using two different preparations 
methods, m ixing and spraying. The system proved to enhance the mechanical 
properties and reduce the hydraulic conductivity of sand by incorporating small 
percentages of polymer ranging from 0.5 to 2% by weight polymer. The polymer 
treatment, even at the lowest concentration (0 .5 wt %), transformed the loose sand into 
a solid material .  For both types of preparation methods, the modulus of elasticity and 
unconfined compressive strength increased linearly with polymer concentration. At a 
polymer content of 2 wt. %, the reported hydraulic conductivity was 2 . 1  x 1 0-
6 and 
7 .2x l O-7 rn/s for the m ixed and sprayed specimens, respectively. Also, at the 2 wt. %, 
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the alues of unconfined compressive strength were about 2 .7  and 2 MPa, and modulus 
of elasticity alues were about 1 70 and 1 20 MPa for the mixed and sprayed specimens, 
respecti ely. It was hown that the improved hydraulic conductivity and mechanical 
propertie can be attributed to the polymer coverage of the sand particles and to the 
development of the interconnecting ties beh�een them. 
ewman and Tingle [45 ] studied the use of six different emulsion polymers as 
stabil izers for ilty-sand. The emulsions studied included two acrylic copolymers, two 
acrylic vinyl acetate copolymers, a polyethylene-vinyl acetate copolymer, and an 
inorganic acrylic copolymer. The as-received emulsions were diluted to a proper 
amount to achieve the target additive quantity at the optimum moisture content required 
of the soil in order to achieve the most efficient compaction. All of the soil-polymers 
were prepared at a polymer content of 2 . 75% of the weight of soil .  The researchers 
stated that this polymer content was chosen based on the optimum emulsion additive 
concentration determined from a previous research [ 1 1 ] .  The results were analyzed in 
terms of unconfined compressive strength and toughness up to the yield point. The 
modified specimens were tested under "dry" and "wet" conditions to evaluate the 
stabilized material 's  moisture susceptibil ity. Portland cement was used, at d ifferent 
additive contents as the control stabilizer for comparison of properties to the polymers. 
All of the emulsions employed increased the unconfined compressive strength and the 
toughness for both the dry and wet testing conditions. I t  was found that the s011-
polymer systems often do not fai l  in a brittle fashion and deform to higher stra ins than 
soi l-cement system. The inorganic acrylic copolymer, the polyethylene-vinyl acetate 
copolymer, and one acrylic vinyl acetate copolymers achieved unconfined compressive 
strength values simi lar to soil modified with a cement content of 9 wt. %. 
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3 .  PERFORM ANCE OF DIFFERENT EM ULSION 
POLY M ERS AS SA ND STABILIZERS 
3.1 I ntroduction 
In this chapter the results of testing three water-borne emulsions as sand 
stabil izers are presented. Specimens were prepared by adding the di fferent emulsion 
polymer to the sand and water in prescribed amounts, and then they were left to dry or 
cure in pecified conditions. The specimens were prepared using two preparation 
methods; one set was prepared by mixing the polymer emulsions with sand using 
different amounts that yield polymer contents of 0.5, 1 ,  l . 5 ,  and 2 % by weight. The 
performance of the different polymer systems as sand stabil izers was estimated through 
the improvement they introduced to the hydraulic conductivity and the mechanical 
properties of sand. E ffect of polymer content on properties was examined by 
incorporating different polymer concentrations and testing the properties at each 
concentration for the three polymers. The performance of the different polymers was 
compared at the same polymer concentrations. Another set of specimens was prepared 
by spraying the polymer emulsions on the sand specimens. Sprayed specimens with 
polymer content of 2 wt. % were studied and compared to mixed specimens of the same 
polymer content. For the different systems of polymer-modified sand, the structure-
property relation was investigated with the aid of a scanning electron microscope 
(SEM). 
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3.2 M aterial 
3.2. 1 Sand 
The desert and used in this research was obtained from a sandy dune quarry in 
Al Ain area in the United Arab Emirates. The sand was characterized by grain sizes 
ranging from 0.075 to 0.6 mm, and a specific gravity of soil solids of 2 .58 .  The grain 
size di tribution was determined by performing sieve analysis according to ASTM C 
1 36 ( tandard Test Method for Sieve Analysis of Fine and Coarse Aggregates). Sieve 
analysis re ults are shown in Table 3 . 1  and plotted in Figure 3 . l .  
The uniformity coefficient (Cll) and the coefficient of curvature (Cc) (also 
known as the oefficient of gradation), are defined as [ 1 2] :  
(3 . 1 )  
Cc = ( 3 . 2) 
where DIQ, D30, and D60 are the particle diameters corresponding to 1 0, 30, and 60 % 
finer on the cumulative particle-size distribution curve, respectively. For the desert 
sand used in this study, the uniformity coefficient and the coefficient of curvature were 
2 .5  and 1 .2 respectively. Accordingly, the sand was classified, based on the Unified 
Soil Classification System (ASTM D 2487), as poorly graded sand (SP) .  
The optimum water content for the natural sand was determined from moisture-
density curves according to the Modified Proctor Test Procedure (ASTM 1 557) .  The 
optimum moisture content for sand was 6 % by weight and the maximum dry density 
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Table 3.1: Sieve analysis re ults for desert sand. 
Sieve Weight Cumulative Cumulative Percentage 
Size retained Weight retai ned Percentage finer 
retained 
(rum) (g) (g) (%) (%) 
2 .0 0 0 0 .00 1 00.00 
0 . 7 1  0 0 0.00 1 00.00 
0 .5 9 9 0 .9 1  99.09 
0.425 8 1 7  1 . 72 98.28 
0.25 4 1 2 . 5  429.5 43 .4 1  56. 59 
0. 1 8  232 .5 662 66.90 33 . 1 0  
0. 1 5  1 28 .5  790.5 79 .89 20. 1 1  
0 . 1 06 1 1 7 .5  908 9 1 . 76 8 .24 
0.075 60.5 968.5 97 .88 2 . 1 2  





















































































































3.2.2 Water- Borne Polymer E m u lsions 
Three commercial ernul ion copolymers were used in this research. The 
ernul ion copolymers were obtained from UCAR Emulsion Systems, a subsidiary of the 
Dow Chemical ompany (Dubai United Arab Emirates) . Al l  of the emulsion 
formulations are proprietary. These emulsions have water as the continuous phase, thus 
precluding the negative environmental impact associated with solvents included in 
some grouts and emulsions u ed in soil modification. The general features of the used 
polymer emulsions are presented in the following discussion. 
The first emulsion used in this study has the commercial name UCARTM Latex 
D-59. It is a fine particle size styrene-acrylic hydrophobic copolymer emulsion. It is a 
copolymer of styrene and butyl acrylate monomers. This coating is basically designed 
for use in architectural wall paints and texture finishes . I ts main features as a coating 
are: i t  has excellent wet scrub resistance, it forms tough and flexible fi lm after drying, 
and it has good weathering resistance. Some physicochemical properties of the used 
emulsion are shown in Table 3 .2  [46] .  This emulsion was referred to, throughout this 
study, as emulsion- I .  
The second emulsion used, NeoCARTM Acrylic 6430, i s  an ultra-small particle 
s ize vinyl-acrylic emulsion, having high hydrophobicity, with ambient cured self­
crosslinking. I t  is a copolymer of acrylate and branched vinyl  ester monomers. It is 
designed for use in concrete floor coatings and c lear sealers. Its main features as a 
coating are: it i s  self-cross l inking; it has excellent durabi lity, and it has excellent 
chemical resistance, in addition to good abrasion resistance and good dry and wet 
adhesion. Some physicochemical properties of this emuls ion polymer are shown in 
Table 3 .2  [47] .  This emulsion was referred to, throughout this study, as emulsion-2 . 
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Table 3 . 2 :  orne Phy icochernical Properties of  the As-Received Emulsions 
Para meter E m u lsion - l  E m ulsion-2 E m uJsion-3 
Total solid content (%) 50 ± 2 45 .0  45 .0 
p H  val u e  8 . 5  - 9 .5  8 .5  8 . 5  
Viscosity, c Ps a t  26°C 1 000-4000 < 1 50 1 50 
G las -transition 1 2  50 20 
temperatu re (Tg),OC 
Mi n i m u m  fil m  formation 2 1  45 1 5  
tempera t u re (M F FT), °C 
Particle size, J.lITl 0.09 - 0. 1 2  0.07 0 .07 
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The third emulsion u ed, eo ARTM Acrylic 820, is an ultra-small particle size, 
highly hydrophobic vinyl-acrylic latex, it has the same monomers as Emulsion-2, but it 
doe not po ses the elf-cross linking property. It  is designed for use in a variety of 
appl ication . 111is versatile latex provides outstanding water resistance when 
formulated into clear ealers, semi-tran parent and solid color sta ins, as well as paints 
applied over different sub trates. The superior hydrophobicity of NeoCAR Acrylic 820 
result in out tanding water and blush resistance. Some physicochemical properties of 
thi emulsion polymer are shown in Table 3 .2  [48] .  This emulsion was referred to, 
throughout this study, as emulsion-3 . 
3.3 Experimental  Procedure 
3.3. 1 Specimen Prepa ration 
Specimens with certain amounts of polymer and water added to sand were 
prepared by mixing the polymer and water with the sand. The as-received emulsions 
had solid content concentrations of 50% for emulsion- l and 45% for emulsion-2 and 
emulsion-3 . All emulsions were di luted to 1 5% solid content by addition of distilled 
water. The soil -polymer -water mixture was processed into dough using a mechanical 
kneader. The dough was placed into a cylindrical steel mold, with internal dimensions 
of 85 mm in height and 38 nm1 in diameter, then the dough is compacted in five layers 
at the optimum moisture content; each layer was tamped 25 using a steel tamper of 
weight 0.34 kg. F inally, the molded specimens were left to dry ( in the case of 
emulsions 1 and 3 )  or cure (in the case of the crosslinking polymer, emulsion-2), for a 
period of one week at 70°C in a forced air oven. Specimens containing 0 . 5, 1 ,  1 . 5 and 2 
wt. % were prepared using this method, which was referred to here as the mixing 
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m thod. For the e polymer- oil ystems, attempts to incorporate more than 2 \'It. % 
polymer using th de cribed procedure, produced non homogenous polymer-sand 
mixture. The mi ture exhibited phase egregation producing lumps of polymer rich 
domains. 
Another et of specimens was prepared by a method referred to as the spraying 
method. 111e and, at the optimum moisture content, was placed into the molds and was 
compacted in five layers. The polymer emulsions, di luted to 1 5  wt. %, were spraying 
on top of sand contained within the mold. The sprayed specimens were dried / cured at 
the san1e conditions described above for the mixed specimens. Specimens containing 2 
wt. % polymer were prepared using the spraying method. 
During the drying process of specimens prepared using the two methods, the 
weight loss was recorded as a function of time until a steady value was reached to 
ensure complete removal of water. A period of one week was enough for al l  specimens 
to completely dry. 
Specimens used in the current research were prepared for hydraulic conductivity 
and mechanical properties testing. Specimens were of dimensions suitable for both 
tests. All the used specimens were cylindrical in shape with size of 85 mm in length 
and 38 mm in diameter. Specimens used were with a length-to-diameter ratio of 2 .24, a 
value fal l ing in the range specified by ASTM D 42 1 9  for unconfined compression test 
specimens [49] .  
Three replicate specimens were prepared for each measurement point for the 
studied properties throughout this study. The error bars appearing at the subsequent 
figures represent the variance of the measurements at each point. 
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3.3.2 Cha racterizat ion 
The hydraulic conducti ity for the unmodified sand was determined using the 
constant head method [2] .  The and was charged into a cell with internal diameter of 76 
mm and height of 2 1  0 mm. The water flow was adjusted to maintain a constant head of 
930 mm above the top of the sand. The drained water was collected and its volume was 
measured a a function of time.  The hydraulic conductivity of unmodified sand 
specimens was detennined by applying Darcy's law (equation 2 . 1 ) . 
All polymer-impregnated specimens when dried were cohesive solid materials. 
Because of their solid nature, the hydraulic conductivities of polymer-modified 
specimens were measured using a "flexible membrane" l iquid permeameter. A sketch of 
the apparatus is shown in Figure 3 .2 .  Permeabil i ty measurements with water were made 
by determining the time required for a given volume of liquid to flow through a 
specimen of known dimensions at an observed pressure and temperature. A specimen 
was first saturated in distil led water for 24 hours at room temperature and pressure. 
Then it was placed in a rubber sleeve with an internal diameter of 38 . l rum. Water 
pressure was appl ied around the rubber sleeve to prevent side leakage during hydraulic 
conductivity measurements. Compressed air was used as a pressure transfer medium to 
drive the l iquid, which was distilled water in our case, through the specimen. Then, a 
water pressure gradient of 1 1 . 7  kPa (0. 1 1 6 atm) was appl ied across the tested specimen 
and the quantity of passing water was recorded as a function of time. These data, 
together with the l iquid viscosity, were used to calculate the absolute permeability (K) 
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Figu re 3 . 2 :  (a) F lexible membrane testing apparatus for hydraulic conductivity 
measurements. (b) Flexible membrane testing cel l .  Al l  dimensions in 
rnm .  
4 1  
K = --=Q=---. .:.......)1_. L_ 
A ·  P ' r  (3 .3 )  
"",here Q is the water flow rate in cm3/ f.l is the \ ater viscosity in centipoises (cP), L i s  
the length of the specimen in cm, A is the specimen's cro s sectional area in cm2, and M 
i the pre sure drop in atmospheres, y is the unit weight of water, which is approximately 
equal to unity. The hydraulic conductivity (k) in mls can be calculated using equation 
(2 .4) after converting K to m" ( 1  darcy = 9.869x 1 0- 1 3  m\ and using units ofN/m3 for the 
unit weight (y) of water, the pelmeating l iquid. 
In measuring the hydraulic conductivity, it is very important to ascertain that the 
flow acros the specimen is unifonn. At the beginning of the hydraulic conductivity 
test, the flow was fluctuating. This might be due to the existence of some entrapped air 
bubbles within the pore spacing that were not expelled during the immersion of 
specin1en for 24 hours before the test. To detennine the optimum time to record the 
flowrate measurements, the flowrate was measured as a function of time. All the three 
types reached steady flow in about 50 minutes (figure 3 .4) .  Therefore, the 
measurements of the flow rate for the hydraulic conductivity in al l  the tests in this study 
were taken after 60 minutes from the commencement of the test. 
The unconfined compression test was used to study the improvement in the 
mechanical properties for the polymer-modified sand specimens prepared using the two 
methods outlined above. Specimens used were with a length-to-diameter ratio of 2 .24, 
a value fal ling in the range specified by ASTM D 42 1 9  for unconfined compression test 
specimens. The tests were conducted using an MTS® machine equipped with universal 
testing software (TestWorks capable of numerical and graphical analysis of the test 
42 
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data. II te ts were conducted at a constant cross-head speed of 5 x 1 0-6 mls. The 
mechanical properties monitored were the unconfined compressive strength and the 
initial tangent modulus of elasticity .  
Due to the incorporation of the emulsion polymers, there were changes in the 
intemal structure of sand accompanied by changes in sand properties. To study the 
structure-property relationship microscopic examination was used. Scanning electron 
micro copy was achieved u ing a JSM-5600 Joel® microscope equipped with X-ray 
diffraction attachment for chemical analysis .  Several specimens were examined to 
ascertain the observed phenomena. 
3.4 Res ul ts and Discussion 
In this section, the results of the hydraulic conductivity and mechanical 
properties measurements for sand specimens modified with the three emulsions on hand 
are presented. Results of SEM examinations are studied to help develop a mechanistic 
view of the introduced improvements 
The results of the hydraulic conductivity measurements for sand specimens 
prepared by the mixing method at different polymer concentrations are presented in 
F igure 3 .4 .  The value of k for untreated sand was equal to 3x l O-5 mis, a value fal l ing in 
the general range reported in the l i terature for sand [3] .  The hydraulic conductivity for 
specimens modified with the three emulsions decreased with increasing the polymer 
concentrations. Significant reduction in hydraulic conductivity was observed when 
polymers were incorporated to sand even for specimens containing concentrations as 
law as 0 .5  wt. %. At polymer content of 1 wt. % or more, the hydraulic conductivity 
































































































































































the minimum value for the hydraul ic conductivity at all the studied concentrations. 
Ernul i0I1-2 gave the highest values at all concentrations. As seen in Figure 3 .4, the 
hydraulic conducti ity mea ured at I wt. % wa about and l . l x l O-5 , l Ax l O-5, and 
4.6x I 0-6 rn/ for specimens modified with emulsions 1 ,  2, and 3 ,  respectively. It can 
also be ob erved that differences in the values of hydraulic conductivity, for specimens 
modified with the different emulsions at the same concentration, decreased as the 
polymer content increased. At 2 wt. %, the hydraulic conductivity values were 
approximately 2 .4x l O-6, 3 .9x I O-6 and 2. 1 x l O-6 m/s for emulsions 1 ,  2, and 3, 
respectively, which are relatively c lose values. 
From a practical point of view, it is sometimes more feasible to spray the 
stabilizer on top of the soil instead of mixing it. Spraying requires less time and less 
expensive equipment. The choice of the incorporation method depends on the intended 
application. In this work, a set of specimens containing 2 wt. % prepared by the 
spraying method were examined to compare the improvement that can be introduced to 
sand using the two different application methods. Hydraulic conductivities for 
specimens modified with the three emulsions prepared by the two methods at a polymer 
concentration of 2 wt. % are shown in Figure 3 . 5 .  It can be seen that the hydraulic 
conductivities of the sprayed specimens were always lower than the mixed specimens. 
Comparing the sprayed specimens of the three emulsions, emulsion-2 gave the highest 
value of k while emulsion-3 gave the least value, the same trend as that had been 
observed for the mixed specimens. The minimum measured value of k, at a 
concentration of 2 wt . % for sprayed and m ixed specimens, was 1 .46x 1 0-6 for 






































































































































































































The ob erved decrea e in hydraulic conductivity for the modified specimens 
may be explained by examination of scanning electron micrographs . Figure 3 .6 shows 
a micrograph of a and pecimen without any treatment, the partic les appear smooth 
and unconnected. Addition of 0 . 5% by weight of polymer result in partial covering of 
the sand partic les by a polymer film (Figure 3 . 7  a b and c) .  Another observed change 
was the appearance of polymer patches that has acted as adhesive ties to the soil 
partic les, even at this very low polymer concentration. This tie mechanism is 
speculated to perform two fun tions leading to the reduction of hydraulic conductivity 
[7] .  First the polymer ties possibly acted as partial constraint to inhibit the water flow 
through the inter-particle spacing. Secondly, the polymer ties must have held adjacent 
sand particles together, thus l in1iting particle movement under appl ied hydraulic 
pressure. TI1e total effect must have given rise to the observed reduction of hydraulic 
conductivity. It should be noted, however, that the polymer did not seal off the 
relatively-large pores. This is perhaps associated with the lack of excess polymer to fil l  
the large yolume pores. 
For 0 .5  wt. %, it was observed that the polymer ties for specimens impregnated 
with emulsion-3 occupied relatively the greatest fraction of the interparticle spaces 
compared to the specimens impregnated with the other two emulsions, giving the most 
effective sealing-off action and thus the minimum value for the hydraulic conductivity. 
F igure 3 .7c shows the polymer ties appearing as continuous films bridging between 
sand particles. The least occupation of the interparticle spacing was observed in 
specimens impregnated with emulsion-2; thus giving the highest value for the hydraulic 
conductivity (Figure 3 . 7b) .  
48 
Figure 3.6:  Scanning electron micrograph of natural sand. 
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(c) 
Figu re 3.7: Scanning electron micrographs of fractured surfaces of specImens 
containing 0 .5  wt. % of the different polymers used . (a) Emuls ion- I ,  (b) 
emulsion-2, and (c) emulsion-3 . 
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Figure 3 . 8  hows EM micrograph of fractured surfaces of speCImens 
containing 1 wt. % of the polymers. Examination of the figures shows that the majority 
of the polymer is con umed to cover the urface of the sand particles and less polymer 
reside a inter-parti Ie ties. Comparing with specimens containing 0.5 wt . % polymer, 
it can be noted that the fraction of inter-particle tie , which are believed to constrain the 
flO\ , did not increase ignificantly. This explains the slight reduction of hydraulic 
conductivity relative to doubling the amount of polymer. 
Examination of specimens containing 1 .5 and 2 wt. % polymer showed similar 
observation as for the pecimens with less concentration. Specimens containing 
emulsion-3 had relati ely the highest polymer occupation amount of the pores, while 
specimens containing emulsion-2 had the least. This explains the trend shown in Figure 
3 .4 of the specimens containing emulsion-3 having the minimum value of k, and 
specimens containing emulsion-2 having the maximum, at all concentrations. As stated 
above, the difference in the hydraulic conductivity, among the specimens modified by 
the same polymer content, decreased with the increase in the polymer content. At 2 wt. 
% the difference in quantity and shape of the polymer ties was less pronounced, hence 
leading to closer values for the hydraulic conductivity. Figure 3 .9a, b, and c shows the 
occupation of considerable fraction of the pore spaces by polymer ties. Even specimens 
treated with emulsion-2, which tended to have thin polymer ties at lower 
concentrations, now have continuous fi lm-l ike ties. Thus the flow is hindered more 
effectively and the value of the hydraulic conductivity fal ls to a value c loser to those of 
the other two systems. 
Now the specimens prepared by the spraying method are studied. The sprayed 
specimens exhibited lower hydraulic conductivity in comparison to those prepared by 
the mixing method, as shown in Figure 3 . 5 .  Note that the top and bottom 
5 1  
Figure 3.8:  Scanning electron micrographs of fracture surfaces of specimens conta ining 
1 wt. % of the different polymers used. (a) Emulsion- I ,  (b) emulsion-2, 
and (c) emulsion-3 . 
52 
Figure 3.9:  ScalUling electron micrographs of fracture surfaces of specimens containing 
2 wt. % of the different polymers used. (a) Emulsion- I ,  (b) emulsion-2, 
and (c)  emulsion-3 . 
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boundaries for the prayed peCImens were opened, i .e. the di luted emulsion was 
prayed n the opened top surface, and it \ as free to drain from the bottom surface . 
. Microscopic examination of the top surfaces of the sprayed specimens shows the 
fom1ation of nearly continuous polymer films (crusts) covering the sand particles for 
the pecimen impregnated with the three emulsions (Figure 3 . 1 0) .  M icrographs a t  a 
magnification of 200 are provided, beside those at a magnification of 3 50X that is 
u ed throughout this study, to gi e a wider view of the crust formation. The crust 
seems to seal the top surface of the sprayed specimen with the existence of some large 
holes. Examination of the fractured surfaces of the same specimens at a depth of 1 cm 
below the surface shows that the amount of surface coverage and interparticle ties 
appear to be simi lar to that of the mixed specimens (Figure 3 . 1 1 ) . Therefore, the extra 
reduction in the hydraulic conductivity demonstrated by the sprayed specimens, relative 
to the mixed specimens, could be attributed to the crust formation on the surface and to 
the subsurface profile. The latter is examined below 
To monitor the axial polymer concentration profile for the sprayed specimens, a 
thermogravimetric examination was conducted. The cylindrical specimen was cut 
using a diamond knife into nine sections. Each section was ground and mixed. 
Specimens were taken from each section and ashed. The polymer concentration was 
obtained by normal izing the weight loss measured over the total weight. The polymer 
concentration in weight percent was then plotted as a function of depth below the 
spec imen's surface, for specimens of the three emulsions, as shown in F igure 3 . 1 2 . The 
polymer concentration was high at the top section and continued to decrease as the 
depth increased. The concentration profile of all specimens can be described by power 





Figure 3. 1 0 :  Scanning electron micrographs at different magnifications of the surfaces of 
sand specimens, with polymer content equals 2 wt. %, prepared by the 
spraying method. (a) Emulsion- I ,  (b) emulsion-2, and (c) emulsion-3 . 
5 5  
(b) 
Figure 3.11: Scanning electron micrographs at l cm below the surfaces of sand 
specimens, with polymer content equals 2 wt. %, prepared by the 






































































































































































































































in the crust zone (within the top 1 .0 mm) may be obtained . The extrapolated values 
obtained for the polymer concentration at the crust zone were 1 7 .4, 1 4 .7,  and 1 3  wt. % 
[or ernul iOll- 1 ,  2, and 3 respectively. These alue indicate that the crust zone does not 
contain a continuous polymer film ( I  00% polymer), as it was observed in the surface 
micrographs for sprayed specimens (Figure 3 . 1 0) .  The micrographs displayed unfilled 
pores at the specimens ' surfaces. More voids must exist in the subsurface in view of the 
concentration profile shown in F igure 3 . 1 2 . These voids are likely inter connected and 
tortuous, an attribute that accounts for the observed hydraulic conductivity for the 
system. Comparing the concentration profiles for the different specimens, it can be said 
that, at sections below the top ones (below 2 cm), emulsions 2 and 3 had c lose polymer 
concentrations, while emulsion- 1 gave lower values (Figure 3 . 1 2) .  This observation 
could be attributed to the fact of that emulsions 2 and 3 had approximately the same 
viscosity, while emulsion- l had a higher one (Table 3 .2) .  Due to its high viscosity, the 
infiltration of emulsion- l was probably not as easy as for the other emulsions. Thus its 
concentration at the crust zone was higher, while it  was lower at the other sections, 
compared to the other two emulsions. 
Attention now is turned to the mechanical properties of the modified sand 
specimens. The mechanical properties of interest were the unconfined compressive 
strength and the modulus of elasticity, which were obtained from the unconfined 
compression stress-strain curves. Sand treated with polymers, even at the lowest 
concentration, transformed the loose sand into a sol id material .  Stress-strain curves for 
al l  the specimens exhibited a l inear region and a yield zone. The initial tangent 
modulus of e lasticity can be determined from the l inear portion of the curve. 
Throughout this manuscript, the "initial tangent modulus of elasticity" will be referred 
58 
to a "modulu of e la ticity". The ul timate stres that can be ustained by the specimen 
i .e. the highe t point in the stress-strain curve, has been taken as the unconfined 
compress! e trength. Examples of stress-strain behavior of typical specimens 
modified with emulsion- I ,  prepared by mixing, are shown in Figure 3 . 1 3 . 
The variation of the unconfined compressive strength and the modulus of 
ela tic ity of and/polymer system as a function of polymer concentration for the 
specimens modified with the different emulsions are shown in Figure 3 . 1 4  and Figure 
3 . 1 5  respectively. The unconfmed compressive strength and modulus of elasticity 
increased l inearly with polymer concentration for all types of polymers used. 
Comparing the perfomlance of the three emulsions in improving the unconfined 
compressive strength, it could be seen that emulsion-2, the crosslinked polymer, gave 
the highest values except at a concentration of 0.5 wt. %. Emulsion- l gave the lowest 
values at al l  polymer contents. The same trend was observed for the modulus of 
elastic ity. At a polymer content of 2 wt. %, the unconfined compressive strengths of 
specimens of sand mixed with emulsions 1 ,  2, and 3 were approximately 3 .7 ,  5 . 5 ,  and 
4.2 MPa, respectively, while the moduli were approximately 1 93 ,  5 76, and 246 MPa, 
respectively. A very important observation is the rate of increase of the strength and 
modulus (slope of the trend l ine) for each emulsion's specimens. It is very c lear that the 
slope of the trend l ines for emulsions 1 and 3 specimens was nearly the same, while the 
slope of the trend l ines for emulsion-2 was higher, for both the strength and the 
modulus (Figure 3 . 1 4  and Figure 3 . 1 5 ) .  Note that the emulsion-2 is a crosslinked 
polymer while the other two are not. 
The results for the unconfmed compreSSlve strength and the modulus of 
59 
4 
2 . 00% 
3 
1 . 5 0% 
1 . 00% 
0 . 5 0% 
o 
o 0 . 02 0 . 04 0 .06 
Strain (mm/nun) 
Figure 3.13: Stress-strain behavior of typical specimens conta ining polymers. The 
































































































































































































































































































































































































ela tic ity for tJle prayed peclmens, with polymer content of 2 wt. %, are given in 
Figure 3 . 1 6  and Figure 3 . 1 7, re pectively, along with ilie corresponding values for the 
mixed pecimen wiili the same polymer content. The unconfined compressive 
trength of specimens of and sprayed with ernul ions I ,  2, and 3 were approximately 
2 . 5, 4 .3 ,  and 3 .2  M Pa, re pectively, while the moduli were approximately 1 29, 395, and 
1 99 M Pa, re pectively. The sprayed specimens always had less strengili and modulus 
value compared to the corresponding mixed specimens. The percentages of the 
prayed to the mixed specimens '  strengths were about 69, 79, and 76 % for emulsions 
L 2, and 3, respectively. While ilie percentages of the sprayed to the mixed moduli 
were about 67, 69, and 8 1  % for emulsions 1 ,  2, and 3, respectively. The reduced 
values for the mechanical properties for ilie sprayed specimens could be attributed to 
ilie changing polymer concentration profile along the specimens '  axes. The lower 
sections of the sprayed specimens contain lower polymer concentration and hence they 
are weaker in terms of ilie mechanical properties. 
The overall increase in mechanical properties of ilie polymer modified sand 
specimens is attributed to the increased inter-particles friction associated with the 
deposited polymer film and to the inter-particle ties [7 ] .  Another very important factor 
is ilie adhesion between neighboring sand particles in contact, where ilie polymer acts 
as an adhesive that adjoins them. This adhesion, in addition to ilie friction between 
sand partic les enhanced by the polymer coverage of partic les surface, and the polymer 
ties between neighboring sand partic les that are not in contact, are the structural 
changes that affected the mechanical properties of the sand. The fact that emulsion-2 is 





























































































































































































































































































































































neat polymer [50] ,  thu leading to better overall mechanical properties for sand 
modi fied with it . HO\: ever, after the examination of EM micrographs of polymer­
modified specimen with di fferent emul ions and at different concentrations, there was 
c lear e idence of lower amount of polymer ties, with less thickness, in emulsion-2 
specimens compared to the other two. This suggests that the polymer ties of emulsion-
2, in spite of their fewer amounts compared to those for the other two emulsions, are 
much tronger and they have a more sensible effect on the mechanical properties of the 
modified sand. This hypothesis can be backed by the observation stated above of 
emulsion-2 giving the highest rate of increase of the strength and modulus (highest 
slope of the trend l ines) (Figure 3 . 1 4  and Figure 3 . 1 5 ) .  At the low polymer content of 
0 .5  wt. %, when the whole polymer was consumed in the particle coating, emulsion-2 
specimens gave strength and modulus values less than those of emulsion-3 . However, 
as the polymer content increased and more polymer was consumed in forming the ties 
rather than particles coating emulsion-2 specimens' mechanical properties increased 
considerab ly. 
I t  is important to investigate the mechanism by which surface coverage of the 
sand particles with the water-borne polymer takes place. The formation of a latex film 
arises from the coalescence of the individual latex partic les - which are nonnally held 
apart by stabi lizing forces (electrostatic and/or steric) result ing from the charged 
polymer chain end groups or surfactant. These forces are overcome by the evaporation 
of the continuous phase (water). In order that the polymer latex coalesces to form a 
film when the water evaporates, the polymer must be deformable under the action of 
surface-tension forces. Thus, polymers for latex paints must be near or above their 
glass transition temperatures (Fg) at use temperature [50] .  The formation of a 
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continuou film i dependent on the minimum film formation temperature (MFFT) of 
the polymer, which in tum i dependent on the elastic  modulus (resistance to particle 
deformation), and to a Ie ser extent, the visco ity of the polymer. If the film is cast 
abo e it MFFT then coale cence of the latex particles can occur. However, if the film 
i belO\ it MFFT, then a friable discontinuous film or powder compact may form [5 1 ] . 
A the water-born polymer latex is driven into the pores between the sand 
particles, the water phase is progressively lost by evaporation and by wetting the large 
surface area of the sand particles. This results in increased latex concentration that 
l ikely produces high viscosity material .  As further water loss continues, the high 
v iscosity syrup creates the inter-particle ties. Adhesion of the polymer film to the 
sand urface is possibly related to the surface energy of the polymer and that of the 
solid surface, assuming surface c leanliness. Considering the generic chemical nature 
of  the polymer and the sand surface, wetting conditions are l ikely to be favored [7] . 
Al l  specimens used in this study were dried or cured at a temperature of  
70°C, which i s  above Tg and A1.FFT for the three polymers. This explains the 
fonnation of the polymer film that covered the sand particles thoroughly, and the 
continuous polymer ties, as seen in the micrographs shown above. S ince all the 
mechanical property tests were conducted at room temperature, i t  is expected that 
polymers with glass transition temperature above the test temperature would give 
better properties. This is because the polymers at this temperature would be stiffer 
and more resistant to deformation. A general observation was that emulsion-2, which 
possessed the highest Tg, gave the highest mechanical property improvement. Note 
that there are many other properties that might have influenced this property 
improvement, such as the mechanical properties of the neat polymers themselves. 
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The aIm of thi work was to in estigate the use of water-borne polymer 
y tem in general ,  and not these pecific products, in soil stabi lization. The property 
improvement , the elimination of the negative environmental impact of some solvent, in 
addition to the other economical is ues (such as the limited polymer fraction needed 
and reduced transportation costs, since the emulsion could be transported while in high 
concentration and diluted to the required concentration in situ) that might lead to cost 
reduction, are all suggesting a positive potential for the use of this system in soil 
modification. The use of this system in field applications depends on i ts abil ity to 
withstand weathering and degradation for reasonable time periods. 
3.5 Conclusions 
The hydraulic conductivity for sand modified with the three emulsions 
decreased with increasing the polymer concentration. Sand treated with polymers, even 
at concentration as low as 0 .5  wt. %, transformed into a solid material .  The unconfined 
compressive strength and modulus of elasticity increase l inearly with polymer 
concentration for al l  types of polymers used. Specimens prepared by sprayrng 
exhibited better reduction in the hydraulic conductivity, while less improvement in the 
mechanical properties, compared to the mixed specimens. 
The results for the m ixed sand were as fol lows: Emulsion- l gave the least 
mechanical properties, but medium hydraulic conductivity values. Emulsion-2 gave the 
highest hydraulic conductivity, which means least improvement, since the aim here is to 
reduce the hydraulic conductivity. However, emulsion-2 gave the best mechanical 
properties at all concentration except at 0.5 wt' % polymer. At 2 wt. %, the unconfined 
compressive strength and the modulus of elasticity for emulsion-2 in1pregnated 
specimens were 5 . 5  and 576 MPa respectively. Emulsion-3 gave the best values for 
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the hydraulic conductivity, i .e. least alue of k at all concentrations, at 2 wt. % k was 
2. 1 x 1 0-611 s; emulsion-3 ga e medium alues for the mechanical properties. For the 
sprayed specimens, the best value for the hydraulic conductivity was 1 . 5 x  1 O-6m/s, 
achieved by emulsion-3 while the highe t strength and modulus values were 
re pe tively 4 .3 and 395 MPa, achie ed by emulsion-2. 
TIle structural changes observed after studying SEM micrographs of the 
treated sand were three; the covering of sand particles with thin polymer film, the 
polymer ties connecting neighboring sand particles which are not i n  direct contact, and 
adhesion between neighboring sand particles in contact. The reduction in the hydraulic 
conductivity is attributed to the observed structural changes in general, and especially to 
the polymer ties. The improvement in the mechan ical properties is also attributed to the 
three observed structural changes. 
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4. STU D Y OF M IXING PROCEDURES A N D  
PERFORM ANCE OF STABILIZERS AT m G H  
A PPLICATION RATES 
4. 1 I nt roduction 
The quantity of  the stabilizer used for modifying a given soil depends on many 
factors. Among these factors is the abi l i ty to be mixed thoroughly, i f  the stabil izer is 
appl ied by the mixing method, to give a homogeneous mixture so that the soil 
properties would be unifonn. For polymer emulsions in hand, attempts to incorporate 
more than 2 wt. % polymer, using the procedure described in Chapter 3, produced a 
non-homogenous polymer-sand mixture. In this chapter, the abil ity to include more 
than 2 wt. % polymer is explored. Different procedures were attempted to produce a 
homogeneous sand/polymer mixture. The highest concentration that could be achieved 
was 5 wt. %. The perfonnance of the stabil ized sand at the high concentrations is 
presented in this  chapter. 
4.2 M ixing P rocedu res 
In the previous chapter, the specimens prepared by the mixing method were of a 
polymer content ranging from 0 .5  to 2 wt. %. Attempts to incorporate more than 2 wt. 
% of the three emulsions in  hand, using the specimen preparation procedure described 
there, produced non-homogenous polymer-sand mixtures. The mixtures exhibited 
phase segregation producing lumps of polymer rich domains. Simi lar observation was 
reported in the l i terature for the emulsion referred-to here as emulsion- I ,  when tested as 
a sand stabi l izer, as incorporation of more that 2 wt. % polymer was attempted [7 ] .  
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The mixing procedure followed in the preparation of the test specimens was 
de cribed in detai l  in the previou chapter (section 3 . 1 . 1 ) . A very important factor is 
the water content of the produced dough at the time of compaction. Subsequently, the 
optimum \! ater content for compaction should be determined with care, since the 
variation in the water content may result in considerable variations in the soil 
properties that may conceal the true effect of the chemical additive [6] .  
The optimum water content for the natural sand specimens, and speCImens 
modified with polymers were determined from moisture-density curves according to the 
Modified Proctor Test Procedure (A TM 1 557) .  The objective of performing this test 
was to decide the water content to be used in the polymer-modified specimens to give 
the maximum density of the specimens because the studied properties, i .e .  the hydraulic 
conductivity and the mechanical properties of sand are sensitive to the density. 
Moisture-density curves for unmodified sand specimens, and polymer-modified 
specimens are shown in Figure 4 . 1 .  The dry density was plotted on the vertical axis 
versus water content on the horizontal axis, and the points are connected, a moisture­
density curve is developed. The peak of the curve had, as coordinates, the maximum 
dry density and the optimum water content of the soi l .  The optimum water content for 
unmodified sand was 6 % by weight and the maximum dry density was 1 . 67 Mg/m3 . 
For sand modified with 2 wt. % of the different polymers, the optimum water content 
did not change from that of the unmodified sand. However, the values of the maximum 
dry density were different. The maximum dry density values were 1 . 97, 1 .9 1 ,  and 1 .94 
Mg 1m3 for emulsions - 1 ,  2, and 3, respectively. 
The mixing procedure fol lowed in preparing specimens with polymer content 
up to 2 wt. % can be summarized in the following steps: 

































































































































































o The u ed emulsions are diluted to 1 5% solid content by addition of 
distil led " ater. 
o For a given quantity of and, the amount of water needed to furnish the 
optimum " ater content and the mount of solid polymer needed to 
fumi h the prescribed polymer concentration of specimens, are 
determined. 
o The mixture i kneaded thoroughly for 5 minutes to give uniform dough. 
o The dough is compacted, into a cyl indrical steel mold, in five layers 
using a hand tamper; each layer is tamped 25 times. 
o Finally the molded specimens are left to dry in the oven for 1 week. 
Fol lowing the above steps, the produced mixture was non-homogeneous when 
incorporation of more that 2 wt. % polymer was attempted. The mixture exhibits phase 
segregation, resulting in l umps of polymer-rich domains, as described above. In this 
study it was attempted to incorporate polymer concentrations of 3, 5, and 1 0  wt. % by 
trying different procedures, including adding the emulsion in increments while mixing, 
using the emulsion with higher concentrations than 1 5%. The incorporation of 3 and 5 
wt. % was possible by using the as-received concentrations of 50% for emulsion- l and 
45% for emulsions 2 and 3, because when using emulsions diluted to 1 5  %, the water 
content was higher than the optimum. Specimens containing water content exceeding 
the optimum were hard to compact properly, and they showed noticeable heave after 
leaving them to dry in the oven for one week. Heaving specimens are not suitable for 
testing, specially the compression test, since they have uneven ends. Furthermore, to 
produce a homogeneous mixture that does not contain polymer lich lumps the time of 
kneading was increased from 5 to 10 minutes . 
73 
For the polymer content of 1 0  wt. %, the main issue was the water content of the 
mixture, which \J a always exceeding the optimum e en when the emulsions were used 
in their a -recei ed concentration. Attempt to allow the mixture to lose the excess 
water by drying in the oven were un uccessful .  The idea was to place the mixture in an 
o en and monitor the weight of the mixture ersus time ti l l  the weight of the excess 
water is lost. To cope with the formation of a crust of dlY sand/polymer at the surface -
especially in the case of the self-cross linking polymer (emulsion-2), the mixture was 
kneaded every certain period of time. Nevertheless, the lumps of polymer rich regions 
were formed in a great amount. Another concern was that the sand-polymer-water 
mixture at these high concentrations, was very hard to knead as the mixture exhibited 
an increased viscosity, especially for emulsion- I .  F igure 4 .2a shows the sand/polymer 
mixture, containing 1 0  wt. % polymer, after mixing at the beginning, notice that the 
mixture is in the form of slurry due to the great amount of water included. Figure 4 .2b 
shows the sand/polymer mixture after it has reached the optimum water content after 
drying in the oven for 3 hours. F igure 4.2c shows a specimen a fter being molded and 
placed in the oven to dry for 1 week. otice the heave that occurred at the top and 
bottom ends of the mold. Most of the specimens adhered very strongly to the wal ls of 
the mold, and hence they failed while attempting to disengage them. The surviving 
specin1ens were non-homogeneous and they cracked and dispersed some polymer when 
immersed in water for just one day notice the milky water's color in F igure 4.2d .  After 
immersion for one week, the specimens were defectively cracked and not suitable for 
any test (arrows in Figure 4 .2e). The above scenario was observed for the three 
emulsions tested. 
I n  summary, it was possible to incorporate up to 5 wt. % polymer for the three 
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Figu re 4 . 2 :  Sand modified with 1 0  wt. % of emulsion-2 at different stages of 
preparation. (a) sand/polymer mixture after kneading (b) the mixture 
after drying (c) m01ded specimen after drying in the oven for 1 week (d) 
specimens immersed in water for one day (e) specimens after immersion 
in water for one week, arrows point to cracks. 
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emulsion u ing the as-recei ed polymer emulsions to produce a homogeneous sand­
polymer-water mixtures and hence homogeneou specimens. The mixing procedure 
wa the arne a for concentrations less than or equal 2 wt. % except that the kneading 
time wa increased from 5 minutes to 1 0  minutes. In the fol lowing section the 
properties of specimens containing 3 and 5 wt . % polymer wil l be investigated and 
compared to those containing lower rate . 
4.3 Performance of Stabil izers a t  H igh Application Rates 
In this context, what is meant by the expression high application rate IS a 
polymer content which is more than 2 wt. %, namely 3 and 5 wt. %, as indicated in the 
previous section. The performance of the emulsion polymers at these application rates 
is presented in the fol lowing discussion. The performance was evaluated by the 
improvement introduced to the hydraulic conductivity and to the mechanical properties 
of the modified sand specimens, as it was the case for the lower appl ication rates. 
The hydraulic conductivity values for the sand specimens modified with the 
three emulsions up to a concentration of 5 wt. % are presented in Figure 4 .3 .  It can be 
noticed from the figure that the values of the hydraulic conductivity for the specimens 
modified with the three emulsion polymers were converging with the increase of the 
polymer content. At polymer content of3  wt. %, the values of k were very c lose for the 
three emulsions. The differences in the values of k were negl igible for the three 
emulsions at a polymer content of 5 wt. %, also, there was no further decrease and in k. 
The variation of the mechanical properties showed a different trend. The values 
of both the unconfined compressive strength and the modulus of elastic ity continued to 










































































































































































































































































































































































































































































The rate of increa e in the value of the unconfined compressive strength was less at the 
high application rate (i .e .  the variation became nonlinear), especially for specimens 
modified '.: ith ernul ion-2. For the modulus of elastic ity E the increase of the values 
wa nearly l inear for the specimens modified with emulsions 1 and 3, while emulsion-2 
specimen showed the same trend demonstrated in the unconfined compressive 
strength. 
Scanning electron micrographs of specimens containing 3 and 5 wt. % were 
inve tigated to find an explanation to the behavior of the modi fied sand at high 
appl ication rates. Investigation of Figure 4.6 through Figure 4 .8 showed that the 
polymer occupying the pores between the sand partic les was more, as expected, in 
specimens containing 5 wt. % polymer. However, the increase in the quantity of the 
polymer ties, from polymer concentration of 3 wt. % to 5 wt. %, was less relative to the 
increase noticed for example when comparing specimens containing 1 wt. % to those of 
2 wt. % (Chapter 3 ) .  Therefore it i s  speculated that more polymer is consumed in 
coating the sand particles. 
4.4 Conclusions 
The incorporation of the water-borne polymer stabil izers to yield concentrations 
varying from 0.5  wt. % to 2 wt. % proved to alter the properties of the sand 
significantly. The improvement in the properties of-concern was increasing with the 
increase in the polymer content. Therefore it was rational to try increasing the polymer 
concentration to get better results .  However, the incorporation of polymer 
concentrations of more than 2 wt% was problematic using the mixing procedure 
fol lowed in the preparation of specimens containing less polymer. The difficulty 
encountered was mainly due to the water content which exceeded the optimum. 
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Figure 4.6: Scanning electron micrographs of fractured surfaces of sand specimens 
modified with emulsion- i .  (a) Polymer content 3 wt%. (b) Polymer 
content 5 wt%. 
8 1  
Figure 4.7:  Scanning electron micrographs of fractured surfaces of sand specimens 
modified with emulsion-2. (a) Polymer content 3 wflo. (b) Polymer 
content 5 wt%. 
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Figure 4.8:  Scanning electron micrographs of fractured surfaces of sand specimens 
modified with emulsion-3. (a) Polymer content 3 wt%. (b) Polymer 
content 5 wt%. 
83 
Therefore alternative procedures were attempted to get a homogeneous sand/polymer 
mixture. The most uccessful procedure included using emulsion polymers with higher 
concentration , so that the resulting " ater content of the mixture - which is mainly 
attributed by the emulsion - would not exceed the optimum. Also the mixing time was 
increa ed so that the sand-polymer-water system is thoroughly mixed. G iven the 
concentrations of the polymers at hand, the highest polymer content that could achieve 
a homogeneous mixture was 5 wt%. To incorporate higher polymer content it  is 
recommended to use higher concentration emulsions. 
The properties of specimens containing concentrations more than 2 wt<>10 -
namely 3 and 5 wt% - were examined. The hydraulic conductivity of specimens of the 
three emulsions reached at an asymptotic value at a polymer content of 3 wt. %. The 
results suggest that the incorporation of a polymer content exceeding 3 wt% has not 
introduced additional effect on the hydraulic conductivity. At 5 wt. %, the hydraulic 
conductivity values were 8x l O-7, 8 . 1 x l O-7, and 7 .68x l O-7 mls for emulsions 1 , 2, and 3 
respectively. On the other hand, the mechanical properties values continued to increase 
with the increase of the polymer content. Although the rate of increase at 
concentrations less than or equal to 2 wt% was higher, the values were satisfactorily the 
highest at 5 wt%. At 5 wt. %, the unconfined compressive strength values were 6 .5 ,  
1 0 .2, and 8 . 1  for emulsions I ,  2, and 3 respectively, while the modulus of elasticity 
values were 363, 1 243,  and 405 MPa. It is c lear that emulsion-2, the polymer with the 
crossl inking property, gave the best mechanical property improvements for sand. As a 
final point, the recommended application rate for the three polymers is 5 wt. %. For 
applications where the hydraulic conductivity is the main concern, it is not feasible to 
use polymer contents more than 3 wt %. 
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5.  DURABILITY OF SAND MODIFIED WITH 
DIFFERENT EM ULSION SYSTEMS 
5. 1 I nt roduction 
Durabil ity, in general, is the capabi l i ty of withstanding wear and tear or decay. 
Durabi lity of a oi l tructure i defined as the resistance to the processes of weathering, 
erosion, and traffic u age [ 1 ] . Durabil ity may also be defined as the capabil ity of 
maintaining the serviceabihty of a structure over a specified time [5 ] .  In  the current 
study, the durabil i ty of the polymer-modified sand was studied through three different 
experimental procedures. In the first experiment, the polymer-modified specimens 
were immersed in water at two different temperatures, and changes that occurred to the 
properties were e aluated after different time periods. In the second experiment, the 
mechanical properties of wet specimens were tested and compared to dry specimens to 
evaluate the moisture susceptibi l i ty of the modified specimens. In the third experiment, 
the hydraulic conductivity of sprayed specimens with their top surfaces exposed to 
mechanical damage was studied. The general objective of these tests is to evaluate and 
compare the durabi l ity of the three polymer emulsions stabilizers at variable situations. 
5.2 Methodology 
To study the effect of immersion for different time periods at different 
temperatures, specimens with polymer content of 2 wt. % were immersed in water at 
two different temperatures, 70° C and 25° C (room temperature) .  Different properties 
were measured after periods of 1 5 ,  and 1 1  weeks. The properties considered were the 
hydraulic conductivity and some mechanical properties, namely, the unconfined 
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compre sive strength and the initial tangent modulus of elasticity, of the modified sand 
specimens. This te t helps to give an indication on the durabi lity with time, the 
moi ture u ceptibi l i ty, and also the effect of e posure to high temperature. Structure­
property investigation, using scanning electron microscope, was carried out to help 
develop an explanation for the changes in properties caused by the different exposure 
conditions. The higher temperature (700 C) was chosen to assess the durabil ity of the 
studied ystems in hot cl imates, l ike in the gulf region and tropical regions, where the 
temperature of the soil exposed to direct sun l ight may reach or exceed the chosen 
value. On the other hand, the lower temperature (250 C) was chosen to study the 
durability of the studied stabilizers in moderate cl imates. The time periods were chosen 
arbitrarily and they were fixed for specimens of the three emulsions tested. The effect 
of the time of exposure to the prescribed conditions can be observed by comparing the 
property values at different exposure periods, whereas the effect of temperature can be 
observed by comparing the property values, at different temperatures, at the same 
exposure periods. 
To study the effect of saturation with water on the mechanical properties, 
unconfined compression tests were conducted on wet specimens, prepared by the 
mixing procedure and containing 2 wt. % polymer, after being immersed for periods of 
1 5  minutes and 24 hours. The objective of this testing procedure is to provide an 
indication of the material ' s  moisture susceptibility. This test was performed because 
stabilized materials are frequently exposed to wetness during their performance l ife. 
The unconfmed compression test was run under the same conditions as described in 
Chapter 3 ,  the only difference was that the specimens were wet since they were taken 
out of water and tested immediately. The values of the mechanical properties of the 
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"wet" was compared the value of the "dry' test. The attained results were also 
compared with re ult obtained from the literature for other polymers and other 
stabilizers te ted for moi ture susceptibil ity. 
The last part of the durability study dealt with sprayed specimens. In this part 
the effect of exposing the sprayed specimens ' surfaces to mechanical damage was 
studied. Sprayed pecimens demonstrate hydraulic conductivity values that were lower 
than those of the m ixed ones. The reason behind that was the polymer concentration 
profile a long the longitudinal axis of the sprayed specimen; the concentration at the top 
sections of a specimen was higher. Furthermore, the polymer formed a nearly 
continuous crust on the top. In practice, stabilized soil masses are prone to external 
forces and traffic usage, which may result in mechanical damage to the soil surface. 
The question that rises is whether the sand stabilized with the emulsion polymers at 
hand will loose the advantage of the low hydraulic conductivity if  it suffers mechanical 
damage. It was expected that if the polymer crust were damaged, then the hydraulic 
conductivity of the stabilized sand would increase considerably. To address this 
question the fol lowing experiment was conducted. Sand specimens prepared by the 
spraying method with polymer content of 2 wt. % were used. The surfaces of the 
specimens were perforated to a depth of 3 mm using steel nails attached, in a square 
grid pattern, to a wooden board at distances of 5 mm. The hydraulic conductivity of the 
specimens with the damaged surfaces was measured and compared to the undamaged 
speCImens. 
Three replicate specimens were prepared for each measurement point for the 
studied properties throughout this study. The error bars appearing at the subsequent 
figures represent the variance of the measurements at each point. 
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5.3 Re ults and Discussion 
5.3. 1 E ffect of  i m m ersion for d i fferent t ime periods at d i fferent  
temperatu res 
In the fir t part of the durabil ity study, the hydraulic conductivity and the 
mechanical properties of modified specimens, with polymer content of 2 wt. %, 
immersed in water at 70° and 25° C, were measured after periods of 1 ,  5, and 1 1  
weeks. The results obtained for the hydraulic conductivity for the exposed specimens 
of three ernul ions are shown in Figures 5 . 1 to 5 . 3 .  Note that the values corresponding 
to zero time were for the unexposed specimens, which were considered as the reference 
for comparing the changes in the properties due to the exposure conditions. The 
hydraulic conductivity of the control specimens were 2 .4x l O-6, 3 . 98 X l O-6, and 2 . 1 x l O-6 
mls for spec imens modified with 2 wt. % of emulsions 1 , 2, and 3 ,  respectively. The 
hydraulic conductivity values generally increased with time for specimens stabi l ized 
with the three polymer emulsions - a change that is undesirable. 
The hydraulic conductivity for emulsion- l specimens did not change after 
week of exposure at the two temperatures, considering the margin of error associated 
with these experiments (Figure 5 . 1 ) . After 5 weeks, the hydraulic conductivity for 
specimens immersed at room temperature showed an increase to a value of 4 .3x  1 0-6 
mis, but increased considerably for specimens immersed at 70° C to a value of 9.2x 1 0-6 
mls. The hydraulic conductivity of specimens immersed at room temperature continued 
to increase up to the 1 1  th week reaching a value of 6.6x l O-6 mls. While for specimens 












































































































































































































































































































































































































































































































the ame range of those immersed for 5 weeks at the same temperature. Specimens 
modified with emul ion-2 showed a beha ior different from that of emulsion- l 
peclmen (Figure 5 .2). The hydraulic conductivity for the specimens immersed at 
room temperature continued to decrease up to the 5th week reaching a value of 1 .  7x 1 0-6 
mls and then it showed an increa ed at the I I  th week to 5 . 1  x 1 0-6 mls. The hydraulic 
conductivity for the pecimens immersed at 70° C increased continuously to 7 .3 X I 0-6, 
9 .0  1 0-6, and 1 .0x l O-5 mls after 1 ,  5 ,  and 1 1  weeks, respectively .  Emulsion-3 
specimens immersed at room temperature showed similar behavior to those of 
emulsion-2 (Figure 5 . 3 ). That is, emulsion-3 specimens immersed at room temperature 
for 1 and 5 weeks showed values of k that are less than those of the control specimens, 
then an increase at the 1 1 th week reaching a value of 3 . 5 x  1 0-6 mfs. Whi le k for 
emulsion-3 specimens inunersed at 70° C increased after 1 week to 4 .0x  1 0-6 mls and 
maintained approximately the same value up to the 5th week, then it increased to 
6 . 5 x 1 O-6 mls 
ow a measure for the stabi l ity of the system under the prescribed exposure 
conditions over time is introduced. The ratio of the hydraulic conductivity of 
specimens (k) relative to the control specimens (kcontrol) for each polymer emulsion can 
be used to assess and compare the durability of the modified sand with the different 
polymer emulsions. The ratios (klkcontrol) for the specimens modi fied with the three 
polymer emulsions and exposed to the above-mentioned conditions are presented in 
Figure 5 .4 .  Note that values less than unity indicate decreases in the hydraulic 
conductivity compared to the control specimens. It can be seen from the figure that 
emulsion- l specimens immersed at 70° C showed the maximum deterioration in the 
hydraulic conductivity. It can also be seen that emulsion-2 and emulsion-3 behaved 
similarly, especially the specimens immersed at room temperature. After exposure for 
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1 1  week , ernul ion-2 pecllnen gave the lea t values of (kJkcoIIJro. ) compared to the 
other t\ 0 Y terns, thu it can be considered as the most durable candidate under the 
given condition . 
As it can be een by comparing the values of k at the same period of time for 
p cimen immersed at the different temperatures, the higher exposure effect was 
a ociated \ ith the higher temperature. The ratios of k of specimens immersed at 70° C 
to that of pecimen immer ed at room temperature (k7r1kRT) ,  for the same time periods, 
are given in Figure 5 . 5 .  The effect of the temperature was more apparent for emulsion-
2 and emulsion-3 , since the hydraulic conductivity noticeably increased after exposure 
at 70° C for j ust one week, giving a ratio of more than 3 times as much as specimens 
exposed at room temperature. The highest effect of the temperature was observed for 
emulsion-2 specimens. After the same time periods, emulsion-2 specimens immersed 
at 70° C showed hydraulic conductivity values orders of magnitude (more than 5 times) 
as much as specimens immersed at room temperature. Emulsion- l was the best 
candidate in terms of effect of exposure to high temperatures. 
Now attention is turned to the effect of the prescribed exposure conditions on 
the mechanical properties of the sand specimens modified with the polymer emulsions. 
A general observation obtained from Figures 5 . 6  to 5 . 8  is that the unconfined 
compressive strength can be considered not highly affected by exposure conditions; 
putting in mind the scattering associated with the mechanical properties measurements 
for this system. The control specimens for emulsion- l gave an average strength of 3 . 7  
MPa. After 1 1  weeks, specimens immersed a t  room temperature gave approximately 




























































































































































































































































































































































































































































































































































S o (.) 
2 








































































































































value of 3 .4 MPa. The control pecimens for emulsion-2 gave an average strength of 
5 . 5  MPa. Aft r 1 1  weeks, the strengths were 5 .8 and 5 . 5  MPa for specimens immersed 
at room temperature and at 70° C, respectively. For emulsion-3, the strengths of the 
control pecimens wa 4 .2 MPa, and the strength of specimens immersed for 1 1  weeks 
at room temperature and at 70° C were 4.4 and 4.6 respectively. The above values for 
ea h ernul ion specimens indicate that the strength could be considered not sensibly 
changed. 
The modulus of elasticity, showed relatively more scattered values than that of 
the un onfined compressive strength as shown in Figures 5 .9  to 5 . 1 1 .  The modulus for 
emulsion- 1 specimens immersed at room temperature showed a decrease after 1 week 
then an increase that continued to the 1 1 th week, while the values were fluctuating for 
specimens immersed at 70° C. For emulsions 2 and 3 ,  the changes were less 
pronounced, unlike emulsion- I specimens, and can be considered not highly affected by 
exposure conditions. 
To quantify and compare the changes in the unconfined compressive strength, 
the ratio of the strength of the exposed specimens (qll) relative to the strength of the 
control specimens (qll (control)) for each polymer emulsion can be used. Figure 5 . 1 2  
shows the ratio (qll / qll (control)) as a function o f  exposure time. The changes in the 
strength for specimens the three emulsions were much less than the changes in the 
hydraulic conductivity. In view of the relative smal lness of the values of (qll / qll (control)) 
after exposure for 1 1  weeks it is reasonable to consider the unconfined compressive 
strength as being not affected by the prescribed exposure conditions. 
Figure 5 . 1 3  shows the ratio of the modulus of the exposed specimens (E) to the 
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a a function of exposure time. [ though the changes in the modulus of elasticity are 
higher than change in the unconfined compres ive strength but stil l  they are much 
10\ er than those for the hydraulic conductivity. Therefore, it was concluded that the 
modulus of ela ticity is not highly affected by the specified conditions. 
Unl ike the ca e of the hydraulic conductivity, there was no definite trend that 
could be observed due to the effect of temperatures on the mechanical properties. 
Monitoring the mechanical property alues at the same exposure periods in Figure 5 .6 
through Figure 5 . 1 1 , it can be said that the temperature effect on the mechanical 
propertie of the sand specimens modified with the studied polymer emulsion is 
insign ificant. 
In general ,  the hydraulic conductivity of sand modified with the studied 
emulsions was sensitive to the specified exposure conditions. The mechanical 
properties were more stable, especially the unconfined compressive strength which was 
not affected. The modulus of elasticity was slightly affected by the specified exposure 
conditions. 
The question now is what are the structural changes that took place in the 
sand/polymer system that resulted in an increase in the hydraulic conductivity and, on 
the other hand less, significant changes in the mechanical properties? The answer to 
this question can be revealed after examining the exposed specimens with a scanning 
electron microscope to help develop an explanation to the observed changes. A 
comparison can be done by examining the SEM images for the unexposed and the 
exposed specimens. It is important to note that the improvement in the hydraulic 
conductivity and mechanical properties is original ly attributed to the polymer coverage 
of sand particles and the development of the interconnecting ties between them, as 
discussed in Chapter 3 .  
1 05 
Figure 5 . 1 4  hows EM micrographs of specimen modi fied with emulsion- I 
immer ed jn \-vater at 70° for di fferent periods of time. After exposure for one week, 
the polymer tie and the co ering film did not appear to be highly affected. After I I  
weeks of expo ure it is clear that the polymer fi lm sti l l  exist on the surface of the sand 
particles (Figure 5 . 1 4c) .  Comparing an unexposed specimen (Figure 3 .9a) with Figure 
5 . 1 4  (a, b, and c), and particles in unexposed specimens are held together with an 
undisturbed deposited polymer film. 111e polymer film quality has deteriorated 
resulting in it di continuity and decrease in i ts thickness. For the specimens modified 
with emulsion- l immersed in water at room temperature, the effect of exposure was less 
although it was apparent (Figure 5 . 1 5) .  
F igure 5 . 1 6  shows SEM micrographs of  specimens modified with emulsion-2 
immersed in water at 70° C for different periods of time. It was shown earlier (Chapter 
3 )  that the ties developed in emulsion-2 specimens were the least compared to 
specimens of the other two emulsions. As a result, the number of ties was reduced after 
exposure for long periods, especial ly after I I  weeks, when there were hardly few ties. 
The large difference in the values of the hydraulic conductivity of specimen sets tested 
after the same periods of exposure but at different temperatures can be understood after 
comparing the their micrographs (Figure 5 . 1 6  and Figure 5 . 1 7) .  Specimens exposed to 
the lower temperature maintained the polymer ties until the fi fth week, and then a 
reduction was obvious at the 1 1  rh week. Specimens modified with emulsion-3 changed 
in the same way as those of emulsion-2, although the ties are much more (Figure 5 . 1 8  
and Figure 5 . 1 9) .  
After studying the micrographs of  exposed specimens a t  different conditions, it 
is worthwhile to speculate that immersion of the specimens in water has led to the 
1 06 
Figure 5. 1 4 : SEM micrographs of specimens modified with emulsion-l immersed in 
water at 70 0 C for d i fferent periods of time. (a) I mmersed for 1 week. 
(b) Immersed for 5 weeks. (c) Immersed for 1 1  weeks. 
1 07 
Figure 5. 1 5 : SEM micrographs of specimens modified with emulsion- l immersed in 
water at room temperature for different periods of time. (a) Immersed 
for 1 week. (b) Immersed for 5 weeks. (c) Immersed for 1 1  weeks. 
1 08 
Figure 5. 1 6 :  SEM micrographs of specimens modified with emulsion-2 immersed in 
water at 70 0 C for d ifferent periods of time. (a) Immersed for 1 week. 
(b) Immersed for 5 weeks. (c) Immersed for 1 1  weeks. 
1 09 
Figure 5. 1 7 :  SEM micrographs of specimens modi fied with emulsion-2 immersed in 
water at room temperature for different periods of time. (a) I mmersed 
for 1 week. (b) Immersed for 5 weeks. (c) Immersed for 1 1  weeks. 
1 1 0 
(b) 
Figu re 5. 1 8 :  SEM micrographs of specimens modified with emulsion-3 immersed in 
water at 70 0 C for d ifferent periods of time. (a) Immersed for 1 week. 
(b) Immersed for 5 weeks. (c) Immersed for 1 1  weeks. 
1 1 1  
Figu re 5.1 9: SEM micrographs of specimens modified with emulsion-3 immersed in 
water at room temperature for different periods of time. (a) Immersed 
for 1 week. (b) Immersed for 5 weeks. (c) Inm1ersed for 1 1  weeks. 
1 1 2 
100 ening of th tie strength to hold adjacent sand particles under applied hydraulic 
pre ure. The 100 ening of the polymer ties has possibly reduced its role as a constraint 
to inhibit \\ uter flow through the interparticle spacing. The less significant change 
ob erved in unconfined compre sive strength after exposure might indicate that the 
trength gained in the sand/polymer system is mainly attributed to the interparticle 
friction between and particles, and to a lesser extent to the interconnecting ties. It is 
also apparent in the micrographs that the specimens immersed at the higher temperature 
\vere more affected since they contain a lesser fraction of the polymer ties. 
5.3.2  E ffect of satu ration with water on the mec h a n ical  properties 
The aim of this testing procedure was to provide an indication of the modified 
sand moisture susceptibi l ity. TIus was achieved by testing the modified specimens 
when they are wet to estimate their mechanical properties at this state. A material that 
is not susceptible for moisture wil l  show property values that are not varying greatly at 
the wet and dry states. It is also expected that if there are any changes in properties, the 
amount of the change will be a function of the degree of saturation. To estimate the 
properties of the modified specimens at different degrees of saturation, they were tested 
after being immersed for periods of 1 5  minutes and 24 hours. All specimens tested 
were with a polymer content of 2 wt. %. Initially, it was decided to test the test the 
properties after immersion for 24 hours only. Specimens immersed for 24 hours were 
totally immersed in water. Then immersion for 1 5  minutes was introduced in order to 
compare the results for the stabilizers at hand with results obtained from the l iterature 
for other stabilizers wlUch had been tested after placing specimens i n  water for 1 5  
minutes [ 1 1 ,  2 1 ] . Specimens were placed on their side in a water bath covering one 
quarter of the specimens' diameter, similar to procedure described in the literature. 
1 1 3 
The unconfined compressi e strength and stiffness of dry and wet specimens 
modified with different emulsions are hown in Figures 5 .20 and 5 .2 1 ,  respectively. All 
the wet specimen showed arying deterioration in the strength when compared with 
the trength of the dry specimens. imi larly the stiffness of the wet specimens was 
lower than that of the dry specimens. The mechanical properties deterioration ( loss of 
strength and stiffness) increased with the increase of the degree of  saturation; all the 
pecimens immersed in water for 24 hours demonstrated values of the mechanical 
properties Ie s than of those which were immersed for 1 5  minutes. The percentages of 
the mechanical properties of the wet specimens to the dry specimens are given in Table 
5 . 1 .  otice that all the specimens immersed for 24 hours deteriorated by more than 50 
%. It can be seen that emulsion-3 specimens gave the best results since it maintained 
their strength and stiffness after 1 5  minutes ( lost less than 1 %), and lost 53 .6  % and 
54.2% of their strength and stiffness, respectively, which are values better than those 
recorded for the other two specimens types. The stiffness of the wet specimens showed 
different trend for the specimens immersed for 1 5  minutes; emulsion-2 specimens gave 
the least values. However, for the specimens immersed for 24 hours; emulsion- l 
specimens gave the least values. 
The moisture susceptibil ity for the three polymer emulsions can be considered 
satis factory when compared with the moisture susceptibil ity of other stabilizers given in 
the literature. Santoni el af. [ 1 1 ]  tested the moisture susceptibil ity of three traditional 
stabil izers, including asphalt emuls ion cement, and l ime, and eleven non-traditional 
stabil izers including acids, enzymes, l ignosulfonates, petroleum emulsions, polymers, 
and tree resins. The modified specimens were partial ly immersed in water for 1 5  
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Table 5. 1 :  The percentages of the mechanical properties values of the wet specimens 
to the dry specimens. 
� 1 5  m i n u tes (Strength %)a (E %)b 
Emulsion- l 89.3 97.6 
Emulsion-2 90.2 87. 1 
Emulsion-3 99.2 99. 1 
a h Strength of wet specimen 1 00 Strengt % = x 
Strength of dry specimen 
b E 0/0 = Modulus of wet specimen x l  00 
Modulus of dry specimen 
1 1 7 
24 h o u rs 
(Strength %)a (E %)b 
1 9 .4 39 .3 
39 .8 43 .0 
46.4 45 .8  
minutes. The cement and asphalt specimens provided excellent resistance to moisture 
deterioration and did not loose any strength when tested under the wet condition. 
p cimens tabil ized with enzymes and some acids began to disintegrate once they 
were placed in the water. Minimal disintegration was observed for spec imens stabil ized 
with tree resin  and the three types of polymers used. A simi lar study was conducted on 
c lay oils, but most of the wet specimens modified with the different stabilizers were 
more moisture- usceptible compared to silty-sand specimens [2 1 ] . 
As stated above, the moisture susceptibi l i ty for the three polymer emulsions 
used in this research can be considered satisfactory because the minin1Um percentage of 
the strength of the wet specimen to that of the dry specimen was about 89% (Table 
5 . 1 )  while the highest value given by the three polymers tested by Santoni et af. [ 1 1 ]  
was about 80%. 
5.3.3 E ffect  of exposu re of sprayed specimens'  s u rfaces to  mec h a n ical  
dam age 
The objective of this experiment was to examine the effect of the polymer crust 
on the hydraul ic conductivity of the sprayed specimens. The crust zone was estimated 
be to at the top I nun (Chapter 3 ), therefore a depth of penetration of 3 mrn was chosen 
to ascertain the extending of the holes beyond the crust. Figure 5 . 22 a shows a sketch 
of a perforated specimen ' s  surface, and Figure 5 .22 b shows an SEM micrograph of a 
single hole formed by a steel nail on the surface of a sprayed specimen. 
Figure 5 .23 shows the hydraulic conductivity results of the specimens exposed 
to mechanical damage, along with the undamaged specimens. Al l  specimens prepared 
by spraying, and with polymer content of 2 wt. %. Although the damaged specimens 
showed a slight increase in the hydraulic conductivity, there was no clear evidence of 
1 1 8 
5 
0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 
Ln 
0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 0 0 
0 0 0 0 0 
(a) 
(b) 
Figure 5.2 2 :  (a) Sketch of a perforated specimen 's  surface. Dimensions in mm (b) 
SEM micrograph of a hole formed by a steel nail on the surface of a 
sprayed specimen. 




































































































































































































































the ob erved trend since the alues are very close and the differences fal l  within the 
experimental error , indicated by the error bars in the figure. 
The explanation of this behavior is that the hydraulic conductivity of the 
prayed pecimens is dependent on the concentration profi le more than on the polymer 
cru t. s it can be observed from Figure 3 . 1 2  the polymer concentration was more 
than 3 % up to a depth of 2 cm for emulsions 2 and 3 specimens and up to a depth of 
more than 1 cm for emulsions- I .  Therefore the penetration depth chosen was not 
exceeding the highly concentrated zone of the sprayed specimens. 
5.4 Conclusions 
Three different experiments were conducted to assess the durability of the 
studied sand/polymer system under different conditions which are expected during 
practical usage of stabi l ized soi l .  F irst, specimens prepared by the mixing method 
conta ining 2 wt. % polymer were immersed in water at two different temperatures, 70° 
C and 25° C, for periods extending up to 1 1  weeks. The studied mechanical properties 
in general were not highly affected by exposure conditions, especial ly the unconfined 
compressive strength. However, the hydraulic conductivity values were not stable 
during the same period. Although emulsion-2 was the least effective in reducing the 
mechanical properties of the sand, it was the best in terms of durabil i ty since it showed 
the least changes in the hydraulic conductivity after exposure. Since the mechanical 
properties were more stable than the hydraulic conductivity, the used polymer would be 
more suitable for use in applications in which the mechanical properties are more 
important, and the hydraulic conductivity is less critical .  These results do not suggest 
1 2 1  
that the water-borne polymer cam10t be used in applications that require good seepage 
control;  it i just a matter of the choice of the right type. 
econd, the moisture susceptibi lity of the studied emulsion polymer was 
e aluated by te ting the effect of saturation on the mechanical properties. The 
mechanical properties of wet specimens were tested and compared to the dry 
specimen . The mechanical properties deteriorated when the specimens were wet. The 
amount of deterioration increased with the increase in the saturation of the specimens 
with \ ater. Emulsion-3 showed the best moisture resistance as it lost only 53% of its 
strength after immersion in water for 24 hours. Emulsion-2 specimens, although they 
lost about 60% of their strengths after immersion in water for 24 hours, they maintained 
the highest alue of strength among the three tested polymer emulsions. Emulsion- l 
specimens were the most susceptible to moisture; they lost more than 80% of their 
strengths after immersion for 24 hours. The perfonnance of the tested specimens under 
wet conditions could be considered satisfactory when compared to the results of some 
other nontraditional stabil izers available in the l iterature. 
The third experiment was suggested in order to assess the perfonnance of 
sprayed sand, in tenns of seepage control, in case of exposure to mechanical damage 
that affects the continuous polymer film fonned at the sand surface. The surfaces of the 
specimens were perforated to a depth of 3 mm using steel nails attached at distances of 
5 mm in  a square grid pattern. It was expected that the hydraulic conductivity would 
increase since it had been hypothesized that the polymer film was the main factor in the 
increased seepage control property associated with the sprayed sand. The results 
obtained suggest that the hydraulic conductivity was not affected by the perforation of 
the polymer film using the set-up described above. 
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6. CONCLUSIONS AND RECO M M E NDATIONS 
6. 1 Conclusions 
Three water-borne polymer emulsions were used in this study. The first 
candidate was a tyrene-acrylic copolymer emuls ion, while the other two were vinyl­
acrylic copolymer ernul ions. It was hypothesized that when a water-borne polymer 
emulsion is impregnated into sand and the water is driven off, the resulting polymer­
sand system would exhibit improved mechanical properties, hydraulic conductivity, and 
durabil ity. 
To produce a homogeneous sand/polymer system, the incorporation of the 
emulsions into the sand should be carried out using a certain procedure. It was found 
that the most important factors were the amount of water in the mixture and the mixing 
time. The amount of water should be equal to the optimum water content needed for 
compaction of the mixture. I t  is very important that the amount of water included in the 
emulsion itself does not exceed the optimum water content. The maximum polymer 
content that could be incorporated by m ix ing the emulsion polymers in hand with sand 
was 5 wt. % for the three emulsions. 
The hydraulic conductivity of the sand modified with the three emulsions 
decreased when the polymer concentration increased up to a polymer content of 3 wt. 
%; further addition of polymer had no sensible effect on decrease in hydraulic 
conductivity .  The reduction recorded for specimens of the three emulsions varied 
sign ificantly at low polymer contents ( less than 2 wt. %). The differences decreased as 
the polymer content increased; at rugher polymer contents the differences in the 
hydraulic conductivity for the three types were minor. The minimum value for the 
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hydraulic conductivity was 7.68x 1 0-7 mls achieved by incorporating 5 wt. % of 
emu) ion-3 which gave the best seepage control effect at all polymer contents. 
Al l  the u ed polymer enhanced the strength and the sti ffness of sand. The 
mechanical property alues continued to increase with the increase of the polymer 
content up to the maximum amount that could be incorporated. It is expected that the 
mechanical properties would improve further if higher polymer content could be 
included. The strength improvements measured are very encouraging compared with 
those achieved by other nontraditional stabil izers cited in the l iterature. Emulsion-2, the 
ernul ion with the crosslinking property, gave the highest strength and modulus values, 
which were respectively 1 0 .2 and 1 243 M Pa. Note that the stiffness achieved by 
emulsion- 2 was three times as much as that achieved by the nearest candidate. 
A parallel set of specimens was prepared by spraying the polymer on top of the 
sand specin1ens rather than mixing them. The aim was to evaluate the property changes 
that occur when using a different application method that is widely employed in 
practice. Specimens containing polymer content of 2 wt. % were used and compared to 
the specimens prepared by the mixing method and having the same polymer content. 
The sprayed specimens of the three emulsions showed better hydraulic conductivity 
reduction compared with their mixed counterparts. However, the strength and the 
stiffness of the sprayed specimens were lower than those of the mixed specimens. 
S ince the polymer concentration profile was changing along the longitudinal axis of 
specimen the better seepage control properties were attributed to the high polymer 
concentration at the top portions. Furthermore, the polymer formed a crust on the top of 
specimens; this crust is believed to further reduce seepage across specimens. 
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The mechanisms by which the used water-bome polymers alter the properties of 
sand are believed to be a function of the structural changes that they introduce. After 
studying EM micrographs of the treated and, there were three observed structural 
change ; the covering of the sand partic les with a thin polymer film the formation of 
polymer ties cOlmecting neighboring sand particles which are not in direct contact, and 
the development of adhesion between neighboring sand partic les in contact. The 
reduction in hydraulic conductivity is attributed to the three observed structural changes 
in general, but the major factor is bel ieved to be the polymer ties, since these ties 
occupy an appreciable fraction of the pore spaces in the modified sand. The 
improvement in the mechanical properties can also be attributed to the three observed 
structural changes. 
The durabi l ity of the studied sand/polymer system under different conditions 
that are expected during usage of stabilized soi l was studied. The immersion of the 
studied specimens in water at two different temperatures for different time periods had 
no significant effect on the studied mechanical properties, although their hydraulic 
conductivity was affected. Hydraulic conductivity increased as the exposure time 
increased, and it was affected more by the higher temperature. To evaluate the moisture 
susceptibility of the sandJpolymer system, unconfined compression tests were 
conducted for wet specimens. The results were compared with those of the dry 
specimens, and it was found that the system lost a portion of its strength when tested at 
the wet state. The minimum percentage of the strength of the wet specimen to that of 
the dry specimen was about 89 % for specimens partially immersed in water for 1 5  
minutes, and 1 9  % for specimens totally immersed for 24 hours. Compalison with 
resul ts obtained from the l iterature for other polymers and nontraditional stabilizers 
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The mechanisms by which the used water-borne polymers alter the properties of 
sand are bel ieved to be a function of the structural changes that they introduce. After 
studying EM micrographs of the treated and, there were three observed structural 
changes; the covering of the sand particles with a thin polymer film, the fom1ation of 
polymer tie connecting neighboring sand particles which are not in direct contact, and 
the development of adhesion between neighboring sand partic les in contact. The 
reduction in hydraulic conductivity is attributed to the three observed structural changes 
in general, but the major factor is believed to be the polymer ties, since these ties 
occupy an appreciable fraction of the pore spaces in the modified sand. The 
improvement in the mechanical properties can also be attributed to the three observed 
structural changes. 
The durabil ity of the studied sand/polymer system under different conditions 
that are expected during usage of stabi lized soil was studied. The immersion of the 
studied specimens in water at two different temperatures for different time periods had 
no sign ificant effect on the studied mechanical properties, although their hydraulic 
conductivity was affected. Hydraulic conductivity increased as the exposure time 
increased, and it was affected more by the higher temperature. To evaluate the moisture 
susceptibility of the sand/polymer system, unconfined compression tests were 
conducted for wet specimens. The results were compared with those of the dry 
specimens, and it was found that the system lost a portion of its strength when tested at 
the wet state. The minimum percentage of the strength of the wet specimen to that of 
the dry specimen was about 89 % for specimens partially immersed in water for 1 5  
minutes, and 1 9  % for specimens totally immersed for 24 hours. Comparison with 
results obtained from the l iterature for other polymers and nontraditional stabil izers 
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ugge ts that the rnoi ture re i tance of the sand tabil ized with the polymers studied is 
better than rno t of the reported nontraditional stabil izers. The above hvo experiments 
ere conducted on specimen containing 2 wt. % prepared by the mixing method. To 
evaluate the performance of prayed sand in the case of exposure to mechanical damage 
of the polymer fi lm formed at the sand surface, the surfaces of the specimens were 
perforated and their hydraulic conductivities were measured and compared to 
undamaged specimens. The results suggest that the hydraulic conductivity was not 
affected by the perforation of the polymer film. 
6.2 Reco m mendations 
The emulsions used in this research were original ly designed as coatings and 
paints. evertheless, they demonstrated a high potential for use as soi l stabilizers. It is 
important to identify the desirable properties of a water-borne polymer that is to be used 
as a stabilizer. Hence it wil l  be easier to manufacture polymeric products specially 
designed for soil stabilization that would actually give the required performance. These 
properties might include the glass transition temperature, the minimum film formation 
temperature the particle size, and the pH values. Furthermore, there are many points 
related to the current study that can be investigated. Here are some of these points: 
1 .  Most of the available polymeric products are proprietary. I t  is recommended 
that research bodies make extra efforts to obtain additional information about 
the composition and the properties of the studied products, or try to manufacture 
specific emulsions with the desired properties, because the advances in this field 
are hindered by this restriction. 
2. I t  is very important to have standard protocols and testing procedures to 
evaluate the performance and durability of nontraditional soil stabi lizers. 
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3 .  The ernul ion copolymers used demonstrated significant improvements to the 
sand in this laboratory study; it is recommended that a field study should be 
conducted in order to evaluate their performance under actual conditions of use. 
4. Although the disper ing media for water-borne emulsion polymers is water, the 
to. icity and the environmental impact of such emulsions should be thoroughly 
investigated before any field application because the polymer itself might be 
environmental ly unsafe .  
5 .  The resistance to ultraviolet effects of the sand/polymer systems used should be 
evaluated since they are expected to be exposed to sunlight for long periods. 
Also the resistance to biodegradation of the polymers used might be studied. 
6. Other soil properties can be studied for the sand/polymer systems. For example 
the shear strength of the modified soil can be evaluated using standard tests. 
7 .  The surface properties of the soil particles might be studied in order to evaluate 
favorable wetting conditions for adhesion, fom1ation of the polymer film and 
formation of polymer ties between the particles. 
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